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executive  summary 


INTRODUCTION 

The  United  States  Coast  Guard  has  statutory  responsibility  for  regu¬ 
lating  the  Marina  transportation  of  hacardous  chemicals ,  Including  lique¬ 
fied  natural  gas  (LNG) .  LNG  la  transported  by  ship  as  a  vary  cold  liquid 
(110  K)  at  just  slightly  above  atmospheric  pressure.  If  It  la  spilled 
from  its  veil-insulated  container,  it  will  boll  rapidly  and  produce  natural 
gas  vapors  vhlch  are  composed  primarily  of  methane.  Some  ethane,  propane, 
and  other  compounds  may  also  be  found  in  LNG.  The  vapors  are  flammable 
o* tween  5X  and  1SX  volume  concentrations  when  miy*C  vlth  air.  With  the 
current  start-up  of  two  new  LNG  Import  terminals  and  pending  plans  for 
additional  import  projects,  there  la  an  increasing  need  for  regulatory  and 
accident-response  personnel  to  understand  the  hazardous  consequences  that 
might  be  associated  vlth  auirine  spill  accidents. 

In  Che  peat,  experimental  programs  involving  LNG  spills  and  fires  on 
land  have  been  conducted  in  the  U.  S.  and  afcroed.  Further,  •  eerlee  of 
LNG  aplll  teats  vss  conducted  on  water  ro  study  flammable  vapor  dispersion 
in  the  absence  of  ignition.  The  Information  obtained  from  these  testa, 
coupled  vlth  theoretical  models,  had  baen  uatd  to  develop  techniques  for 
predicting  che  hazard  zones  surrounding  LNG  fires  on  water.  However,  these 
predictions  vara  vlthouc  axperlmental  verification  prior  to  tha  teat  pro¬ 
gram  daacrlbad  in  this  report. 

To  provide  experimental  verification  and  additional  information,  tha 
U.  S.  Coast  Guard  requaetad  the  U.  S.  Navy  at  che  Naval  Wsspou#  Cants?  (NVC> , 
China  Lake,  California,  to  perform  field  experiment*  involving  LNG  epllle 
end  fires  on  water.  Additional  teete  under  a  2nd  phaa*  program  were  funded 
by  the  Department  of  Energy  under  lnteregenoy  agreement  EE-77-A-28-3248. 

Thao*  teete  were  performed  between  September  1976  end  June  1978.  Arthur 
D.  Little,  Inc.  (ADL)  eteff,  under  contract  to  the  U.  S.  Navy,  provided 
consulting  service*  to  the  NVC  during  the  experimental  program  wtd  aleo 
performed  the  analysis  of  the  experimental  results.  Thia  report  describes 
the  dstalla  of  the  teat  program,  the  experimental  data,  and  tha  finding*. 
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THE  EXPERIMENTAL  PROGRAM 

The  test  facility  at  the  Naval  Weapons  Center  consists  of  an  exccvated 

pond  located  In  the  midst  of  a  fairly  flat  desert  terrain.  The  pond  ie  about 

3 

SO  a  x  50  b  with  aim  depth.  Quantities  of  LNG  in  the  3-5  m  range  were 
•pilled  at  rapid  but  controlled  rates  through  •  pipe  onto  the  center  of  the 
pond.  In  "pool  fire"  tests,  an  igniter  was  activated  near  the  spill  point 
aa  soon  aa  LNC  hit  the  water  surface.  This  produced  nearly  immediate  igni¬ 
tion  and  resulted  in  an  initially  expanding,  burning  pool  of  LNC  with  a  tail- 
fire  plume  above.  In  "vapor  fire"  tests,  the  l.NG  was  spilled  and  allowed 
to  vaporize  producing  a  cloud  of  gas  that  was  carried  downwind.  When  the 
vapors  reached  a  point  about  70  m  downwind,  flaming  igniters  at  that  dis¬ 
tance  were  activated.  The  resulting  fire  burned  hack  toward  the  spill 
point,  burned  for  a  significant  duration  of  time  at  the  edge  of  the  pond, 
and  finally  burned  hack  to  the  spill  point  after  liquid  flow  had  ceaaed . 

Three  tests  of  an  Intermediate  tvpe,  termed  "delayed  lRnttion  pool  fires" 
were  also  run.  In  these  tests,  a  vapor  cloud  was  allowed  to  fora  in  the 
vicinity  of  the  spill  pool  before  the  lgnltei  was  activated.  The  early 
stages  of  these  U-»ta  resembled  a  vapc.r  fire  but  pool  fire  behavior  was 
quickly  established  thereafter. 

The  instrumentation  for  gathering  the  dsta  during  the  experiments 
included  narrow-  and  wide-angle  radiometers  to  measure  the  emissive  power 
of  specific  parts  of  the  flame  and  the  overall  emissive  power;  movies  to 
show  the  visible  flame  dimensions  atxl  behavior;  spectrometer  Cl  pool  fire 
test  rnlv)  to  studv  the  wave  length  distribution  of  energy  radiated  by  the 
fire;  and  Information  from  gas  sensors,  weather  instrumentation,  thenao- 
couples,  and  spill  equipment  monitoring  and  control  instrumentation.  In 
two  tests,  wooden  stakes  were  arrayed  ladlally  at  different  locations  from 
the  spill  point  to  allies  the  effects  of  the  radiation  on  wood  to  be  eval¬ 
uated  qualitatively.  The  conduct  of  field  experiments  is  quite  difficult, 
especially  when  sensitive  Instrumentation  must  be  used.  In  the  first 
series  of  tests,  a  number  of  instrument  problems  occurred;  a  subsequent 
series  of  tests  was  performed  with  moat  of  these  early  problems  corrected. 


FINDINGS :  Pool  Ftr«  Experiment* 


Baead  on  theory  and  information  for  LNG  fire*  on  land,  prior  to  this 

program  LNG  pool  flraa  on  water  were  expected  to  aproad  and  vjporlte  at  a 

rat*  equivalent  to  a  decrease  in  liquid  level  of  a  confined  ^jol  of  about 
-4 

ft  x  10  m/a  ("regression  rata").  TKi ■  rat*  la  conalatant  with  moat  of  th* 
axpar lmantal  regression  rataa  for  th*  apill  taata  in  thla  program.  Thao* 
rataa  war*  deduced  from  the  fir*  diameter  observed  in  movie  record*  after 
;h#  fir*  stabilised.  However,  for  the  two  faateat  api:  a  (3  m3  in  about 
30  aeconda  and  3  a3  In  about  30  aeconds) ,  vaporisation  rate*  seamed  to 
Increase  by  about  30X .  Wc  believe  that  this  la  probably  due  to  th*  rapid 
interaction  between  the  Jet  and  the  water  which  produces  fragmentation  end 
increased  heat  transfer  area.  This  effect,  if  it  should  occur  In  an 
accidant,  would  tend  to  produce  e  smaller  diameter,  hut  taller  flra.  The 
total  radiating  area,  however,  would  be  reduced. 

The  movie  films  also  provided  data  on  visible  flame  height.  We  found 
that  these  heights  could  be  well  correlated  using  e  relationship  known  as 
Thomas'  equation  which  relates  flame  length  to  a  parameter  involving  pool 
diameter  end  fuel  vaporization  rate. 

Harrow-angle  radiometer  date  from  the  pool  fire  teste  Indicated  flame 
emissive  powers  near  the  flame  ban*  in  the  212  ♦  20  kU/m 2  range.  Wide- 
angle  data,  which  aie  subject  to  more  uncertainty,  indicated  the  average 
emlaalv*  power  of  the  antlre  flame  surface  to  be  about  220  +  47  kW/m2. 

(These  values  obtained  from  LNG  pool  fires  on  water  are  higher  than  thoaa 
measured  In  earlier  AGA  experiments  of  LNG  pool  fires  on  land.) 

However,  th*  data  obtained  in  the  one  test  where  a  spectrometer  waa 
used  to  analyia  th*  fleam  emissions,  provide  substantial  insight  Into  th* 
behavior  of  LHC  fir**.  In  the  combustion  cf  LNG  (primarily  methane), 
water  and  carbon  dioxide  are  formed  as  product*  of  combustion.  Further, 
incmaplete  combustion  results  In  the  formation  of  torn*  luminous  soot.  Soma 
unburaed  gases  or  carbon  monoxide  may  alao  b*  present.  While  th*  eoot 
behave*  e***ntl*lly  as  a  "grey  ami t tar"  with  radiant  emlaalon  continuously 
distributed  over  the  entire  Infrared  spectral  range,  the  water  and  carbon 
dloild*  emit  energy  at  a  eerie*  of  discrete  band*  centered  at  specific  wave 
length*.  Km  thl*  energy  lo  transmitted  through  the  atmosphere,  water  vapor 
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And  carbon  dioxide  In  the  ambient  atmosphere  are  effective  at  absorbing 
radiation  in  these  same  bands. 

From  the  Halted  spectral  data,  we  estimate  that  the  soot  la  radiating 
at  a  temperature  of  about  1  s()0  K  and  that  water  vapor  and  carbon  dioxide 
in  the  fire  plume  exist  at  concentrations  corresponding  to  burning  with  no 
excess  air.  The  fires  in  these  tests  were  typically  up  tc  15  m  in  diam¬ 
eter  and  thus  ware  not  "optically  thick"  over  the  entire  Infrared  wave¬ 
length  range.  An  optically  thick  lJiC  fire  at  1500  K  would  have  a  aurface 
emissive  power  of  about  287  kW/m  .  Wien  corrections  are  made  to  account 
for  the  limited  thickness  of  the  tost  fires,  the  spectral  flame  model  Rivet 
an  equivalent  average  emissive  power  of  about  210  kW/m*'  which  la  in  good 
agreement  with  the  narrow-angle  radiometer  data. 

Several  teats  conducted  in  wind  showed  flame  tilt  angles  similar  to 
those  that  would  be  predicted  hv  correlations  developed  for  pool  fires  on 
1  and . 

Finallv,  if  the  ratio  of  the  fraction  of  energy  radiated  to  the  total 
energy  of  combustion  possible  Is  estimated,  the  ratio  decreases  as  the 
spill  rate  increases.  This  suggests  that  in  very  rapid  spills  where  heat 
transfer  area  between  the  spilled  LMG  and  water  Is  enhanced  due  to  liquid 
fragmentation,  a  larger  fraction  of  the  vapor  produced  escapes  from  tha 
plume  unburned.  We  hypothesize  that  a  large  vapor  core  rlass  in  the  center 
of  the  five.  Further  we  suggest  that  the  fire  core  may  entrain  combustion 
products  from  the  outer  burning  tone  that  subsequently  Inhibit  Its  corn- 
bus*  ion  in  the  top  regions  of  the  fire  plume.  Therefore,  s  significant 
part  of  the  mass  of  vapor  produced  may  escape  at  the  top  of  the  firs. 

FINDINGS s  Vapor.  K1 res 

Ignition  cif  dispersed  vapors  from  an  LNC.  spill  on  water  produced  s 
fire  that  spread  back  along  the  ground  over  the  land  toward  ths  pond  spill 
source.  "Fireball"  typo  of  burning,  where  burning  gas  lifts  off  from  the 
ground,  was  not  observed. 

The  rate  of  fire  spread  through  the  vapor  cloud  increases  with  wind 
speed  at  least  for  winds  up  to  7  rs/n.  The  correlations,  for  flame  speed 


0-4 


tfac  intensity  of  the  surrounding  thermal  radiation  field.  In  the  case  of 
assessing  hasards  for  vapor  fires,  the  extent  of  spread  of  flammable  vapor, 
the  rapidity  of  flame  travel  after  ignition  and  the  thermal  radiation  out¬ 
put  need  to  be  known-  Also  in  the  caee  of  vapor  fires,  structures  lying 
within  the  flame  travel  path  may  be  Ignited  o;  experience  damage  from  sud¬ 
den  (but  moderate)  pressure  differences.  The  latter  could  be  caused  by  the 
combustion  of  any  vapors  that  have  diffused  Into  the  buildings  or  external 
pressure  difference  caused  by  flame  travel.  Evaluation  of  "safe  distances" 
for  preventing  hassrds  to  people,  damage  to  atiuctures  and  ignition  of 
wooden  buildings  Is  of  groat  concern  to  both  regulatory  bodies  of  the  govern¬ 
ment  end  liquefied  natural  gas  industry.  The  understanding  of  the  conse¬ 
quences  of  sccldental  spills  of  LNG  on  water  and  the  assessment  of  the  poten¬ 
tial  risks  posed  to  the  public  safety  fro®  such  spills  form  Important  aspects 
of  the  regulation  of  LUG  transportation. 

Several  studies  Itave  been  undertaken  in  recent  year3  both  in  the  U.S, 
end  abroad  to  investigate  the  fire  hazards  fro®  1UG.  In  •  series  of  testa  con¬ 
ducted  for  the  American  Gas  Association  by  u  consortium  of  companies  In¬ 
cluding  ADL,  (AGA-1974)  ,  radiation  from  LUG  pool  fires  on  land  van  measured 
acd  analysed.  Gar  de  France  has  conducted  teats  on  land  to  study  the  dis¬ 
tance  over  which  the  LUC  vapor  cloud  generated  bv  a  land  spill  is  flammable. 
The  U.  5.  Navy  and  the  U.  S.  Coast  Guard  have  investigated  the  detonabllity 
of  methane  air  mixtures.  However,  no  experiments  had  baen  conducted  prior 
to  the  present  study  measuring  the  radiation  from  lUG  pool  fires  on  water. * 
This  problem  Is  of  utmost  importance  because  It  repr^ents  the  most  prob¬ 
able  situation  consequent  to  an  accidental  spill  of  LNG  from  a  tanker - 
Several  questions  remain  to  be  answered  before  a  reasonable  estimate  of  the 
thermal  radiation  hazard  from  such  an  expanding,  burning,  and  short-lived 
fire  can  be  made.  Some  of  these  questions  are:  (1)  can  a  flame  be  sus¬ 
tained  on  the  boiling  LUG  during  its  rapid  boiling  and  spread  on  water? 

(2)  Vi  11  the  flame  remain  in  one  piece  on  the  pool  or  will  it  break  up  into 
email  flame  let#  of  low  height?  (3)  Will  the  height  of  flam*  be  equal  to 
the  height  of  a  non-expanding  pool  flame  of  the  sa«e  base  distensions? 


*  There  have  been  some  limited,  small-scale  tests  involving  LUG  fires  on 
water  conducted  by  the  Bureau  of  Mines  and  the  simulated  water  spills 
conducted  by  University  Engineer*,,  Inc. 
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(4)  Finally,  will  '  tran  lent  it  Ions  hove  any  1  earing  on  the  burning 

and/or  flame  ch  .r.n  •  -r  1  st  i c  .  ?  Onlv  a  theoretical  model  (Raj  and  Kale.Ucar, 
197J)  prcseti'lv  •  x  i  t  -•  to  predict  the  hazard  from  burning  LNG  pcol  on  water. 

Slalla  rlv.  rhi  r<  exist  i  exiet  lnental  data  to  indicate  th*.  extent 
of  radiation  hszai  1  due  to  the  burning  of  a  large  flammable  vapor  cloud 
(as  nay  bi  turned  iron  dispersion  of  the  IJJC  vapors)  spread  over  a  wide 
area.  Whai  theoretical  analysis  exists  Is  very  cursory  (Raj  and  Emmons , 

1 9  7  *> )  . 


The  ’’nlted  States  Coast  Guard  (I’SCG)  has  the  primary  statutory  res¬ 
ponsibility  to  regulate  t  h.  marine  transportation  of  hazardous  chemicals 
including  I .NG  and  to  ensure  safety  within  the  territorial  waters  and  In 
the  ports  of  the  '’nlted  States.  The  l!.  S.  Navy  U'SN)  does  not  have  regu¬ 
latory  authority  for  !  NG  shipping;  however,  the  USN  may  be  called  upon  to 
assist  the  I’SCG  or  assume  a  primary  role  in  emergency  situations  involving 
the  shipping  of  enetgv  fluids.  ihe  chemical  hazard  response  Information 
system  (CHRIS)  was  developed  hv  the  U.  S.  Const  Guard  to  better  assess 
potential  hazards  mod  chemical  upills  on  water  and  to  provide  guidance 


auuc  ^ . 


tains  severs!  models  to  predict  the 


behavior  of  spilled  chemicals.  One  of  the  models  denis  with  the  behavior 
of  LNG  on  voter,  especially  the  thermal  radlotlon  from  pool  fires.  However, 

uriy  of  the  MiKlS  i.xtdils  are  based  on  t  he  or <-t  i  cal  derivations  without  ex¬ 
perimental  ve  r 1 f lea1 ion. 


The  L'SCG  and  USN  recognized  the  fact  that  quantitative  knowledge  on 
the  behavior  of  I-NG  on  water  and  the  thermal  radiation  output  from  such 
flies  was  unavailable.  Th«oretical  nardcls  for  the  scenarios  of  pool  fires 
and  the  burning  of  l.NG  viper  ilouds  were  available  without  experimental 
vc  ri  i  lent  ton.  iTieiof.in  ,  a  field  »<  ale  experimental  program  involving  LNC 
spills  onto  water  followed  by  ignition  was  initiated  by  the  USCG. 


The  experiments  were  performed  by  the  USN  at  the  Naval  Weapons  Center 
(NWC)  at  China  1-ake ,  California,  und’r  contract  from  the  U.  S.  CoaRt 
Guard.  The  USN  personnel  at  NWC  were  completely  In  charge  of  the  planning, 
design  and  conduct  of  the  tests. 


The  professional  staff  of  Arthur  I).  Little,  Inc.  (ADL)  provided,  under 
contract  to  the  USN  (Contract  0s  NO0123-76-R-1718  and  N60D30-78-C-0192) , 
consulting  services  during  the  design  of  tests  and  their  execution.  In 
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addition,  ADL  was  contracted  to  perform  the  analyses  of  the  experimental 
dfta,  develop  correlations  and  generate  the  report  covering  the  LNG  aplll 
'■eat  program.  This  report  indicates  the  details  of  the  test  program  and 
the  findings. 

1.2  OBJECTIVES  OF  THE  EXPERIMENTS 

The  principal  objectives  of  the  experimental  program,  described  In 
this  report,  were  to  understand  the  behavior  of  two  kinds  of  LNG  fires: 
namely,  pool  fires  on  water  and  fire  propagation  In  unconflned  clouds  of 
dispersed  LNG  vapor.  Specifically,  the  purpose  of  the  experiments  was  to 
obtain  data  on  the  characteristics  of  the  LNG  fires  on  water  Including  the 
thermal  radiative  output,  the  fire  size,  and  the  fire  spread  velocity  (In 
the  vapor  flie).  The  data  measured  were  intended  for  use  in  verifying  or 
modifying  existing  physical  models  or  In  developing  additional  ones  for 
use  in  hazard  prediction  calculations. 


1.3  SCOPE  OF  THE  TEST  PROGRAM 

To  achieve  the  above  objectives,  a  two-phase  experimental  test  pro- 
grsa  was  conducted  at  the  Naval  Weapons  Center,  California.  A  total  of  11 
teats  were  Included  In  the  first  phase.  These  Involved  6  pool  fire  tests, 

1  delayed-lgnlt Ion  pool  fire  and  4  vapor  fire  tests.  In  the  second  phase, 
a  total  of  5  tests  were  conducted  involving  1  pool  fire,  2  delayed-lgnlt Ion 
fires,  and  2  vapor  fire  tests.  The  second  phase  was  Initiated  after  the  data 
from  the  first  phase  Indicated  significant  problems  with  calibration  and 
positioning  of  some  of  the  Instruments. 


Each  experiment  was  recorded  on  •»  mot  Ion  picture  film  from  each  of  at  least 
three  different  directions.  Other  measurements  included  radiation  flux  at 


different  distances  from  the 


n  ir,  ua  i  uj< 
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eters.  In  one  experiment  the  spectral  characteristics  of  the  pool  firs  ware 
also  measured.  Also  measured  routinely  In  each  experiment  were  meteorologi¬ 


cal  data  such  as  wind  speed,  wind  direction,  relative  humidity  and  ambient, 
temperature.  Other  important  and  relevant  data  such  ss  the  spill  time, 
ignition  time,  tank  pressure,  liquid  depth  in  the  tank,  etc.,  were  also 


measured . 
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Chapte:  2  I''  Is  to,  ort  covers  a  review  of  past  experiments  and 
analyses  per  t  .  -i  l.- y  to  1MI  ti  ea .  Also  dlscussei  in  the  review  chapter  are 
models  from  the  combustion  lltciaturc  relating  to  turbulent  flame  behavior, 
radiation  cud  scaling  laws.  lr.  Chapter  3  are  described  the  detaila  of  the 
teat  site,  erp  or  latent  al  equipment,  measuring  instrum.  nta  and  the  teat  pro¬ 
cedures.  The  spectral  data  obtained  in  one  of  the  pool  fire  experiments 
are  described  ar.d  atialvzed  in  Chapter  4.  Chapter  5  deala  with  the  pool 
fire  data  and  their  analyses.  Tne  vapor  fire  expt-r imental  data  are  dla- 
cusnod  in  Cha.pt  ot  6.  A  general  discussion  of  the  overall  findings  from 
this  experimental  prog  run-  ai’.d  recommend  at  tons  for  hazard  estimation  tech¬ 
niques  are  indicated  In  Chapter  7.  Recommends: tons  and  suggested  future 
research  areas  are  given  !n  Chanter 


2.  Sl’RVI.Y  nr  1.1  I'  HAH  JU.  1  ONI  ERNlMiI .  THKR!JAL_RAD]^TION 
Kisj«.  L  -NU  o:i'KR  YlhKh.MXNT  PlTOjl’N  FlaiMb~S 

Tin  nnn.lnr  o.  I ngo  pool  of  liquid  In  the  open  is  a  complex  phertom- 
<-:i  ut  Itv.olvltg  \1.«  i  L«f  In  went  o  t  n.ihleut  air,  turbulent  mixing  of  fuel 
v.ipet  au.i  th»*  e. it  ruined  air,  liberation  of  heat  by  combustion,  loss  of 
beat  bv  radiation  an>l  heat  transfer  to  the  evaporating  pool  by  radiation 
and  ii'nvect Inn .  in  a  steady  burnlrg  pool  of  liquid  there  la  dynamic  equil¬ 
ibrium  amongst  the  various  Interacting  phenomena.  However,  even  in  such 
i  vase,  pie  lue  ptedl-vion  of  the  !>eat  output  from  the  flame  in  the  form  of 
r  hr  i  null  radiation,  t  rom  purely  lluoietlcal  considerations  la  virtually  an 
rap.  i.sibi  l  it  \  .  .t:s  t,  ,  c.  ...is.  ol  the  u'.,,ilulti  ol  the  chemical  reactions, 
c he  diverse  naiute  of  the  radiating  species ,  and  the  lack  of  a  good  model 
to  describe  tutbulvnce  In  large  fires.  To  circumvent  the  difficulties  in 

. . rctlcal  predictions,  homi-empirical  models  have  been  developed.  Some 

:  these  models  are  reviewed  from  the  point  of  view  of  thermal  radiation 
transfer  from  flies  as  well  as  from  the  point  of  view  of  physical  sire 
scaling.  The  emphasis  in  this  review  Is  on  LNO.  lires.  First  we  review 
jam  I.NC  fire  experiments,  t  lie  1  r  results  and  the  models  that  have  been 
.!  -ve  loped.  Subsequently,  other  general  models  available  In  the  combus- 
:  ion  li'ernture  for  demrlblng  large  turbulent  diffusion  flames  are  reviewed. 
The  scaling  laws  fur  sire  scaling  and  for  tadlatlve  transfer  are  also 
d 1 s^ nssed . 

l  hi.n.w;  K  oi  i;;t,  os  WATiR 

The  behavlot  of  an  1.N-:  sj'i  1  1  on  water  Is  significantly  different  from 
that  of  a  spill  on  land  for  two  principal  reasons.  In  the  case  of  spill 
n  a  largi  bo.lv  o‘.  water,  first  the  liquid  spreads  because  there  is  no 
ront  lnemont  .  Secondly,  the  bent  transfer  occurs  from  the  water  at  a  rela- 
1 1  u.v  nigh  rate.  The  rate  of  irar.s'er  of  beat  per  unit  area  h«a  been 
naiad  to  be  approximately  constant  from  previous  experimental  data.  For  a 
pool  on  fir.  ,  there  Is  also  heat  transfer  from  the  fire.  The  high  heat 
trmsf.i  rates  t-’gethei  with  the  increasing  area  of  contact  with  water 
n  '-.nits  in  iipid  evajs>t  at  ion  of  the  liquid.  For  an  inst  an  t  aneous  spill  of 
i  glvtn  volume,  the  pool  Is  expected  to  Increase  in  sire  until  all  of  the 
i.Nt;  has  evaporated.  In  a  continuous  spill,  on  the  other  hand,  the  pool 
size  will  reach  n  maximum  area  co .staensurate  with  the  evaporation  rate  and 
tin  s  p  1  1  1  i  a  t  e  . 
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The  water  aplll  has  to  ba  contrast od  with  tha  behavior  of  an  LMG  apill 
on  lead.  While  unconflntd  spreading  la  possible  on  flat  ground,  In  moat 
caeca  of  lntcreat,  the  potential  land  spill  areas  are  diked.  This  confine- 
■ant,  therefore.  Halts  the  site  (diaaeter)  of  the  pool.  Secondly,  the 
heat  transfer  rate  froa  the  ground  decreaaea  with  tias.  Should  there  be  a 
fire  over  a  diked  LNG  pool,  the  burning  rata  (after  an  initial  transient  of 
a  minute  or  so)  will  be  primarily  dependent  on  the  radietive  feedback  froa 
the  fire.  This  Is  unlike  the  situation  on  open  water  where  heat  transfer  from 
the  vater  remains  significant  until  the  pool  is  evaporated. 

2.2  FAST  LMC  FIRE  EXPERIMENTS 

Over  the  years  several  groupa  both  within  the  U.  S.  and  abroad  have 
conducted  tests  to  study  the  radletl  e  and  other  characteristics  of  LMG 
fires.  A  review  of  the  testa  conducted  before  1972  end  their  results  are 
presented  in  another  report  (see  Section  G,  AGA;  1974).  However,  all  of 
these  fire  testa  have  been  on  land.  The  series  of  testa  descrlbad  in  this 
raport  la  unique  in  that  it  consists  of  IMG  fire  tests  on  water.  LNG  aplll 
testa  on  water  have  been  performed  and  only  ont  involved  Ignition. 

Previous  LNC  fire  tesc*  can  be  divided  Into  three  broad  categories: 

1)  those  that  were  conducted  before  1972,  2)  the  tests  In  the  ACA  spon¬ 
sored  series  between  1971-74,  and  3)  teata  after  1974.  The  significant 
*lr.**lnpa  from  'M  are  dinrnsaed  h«»lr*w. 

2.2.1  Exparlmenta  Before  1972 

Several  research  groups  hsve  performed  LMC  tents  on  lend.  These 
groups  Include  the  Bureau  of  Mines,  University  Engineers,  Inc.,  TRW, 

Enao.  Gee  de  France.  Tokyo  Gea,  Osaka  Gea ,  et  al.  A  review  of  the  details 
of  these  tests  and  their  results  is  given  in  another  report  (Section  G, 

AGA  1974),  and  Is  therefore  not  discussed  in  detail.  However,  to  keep  the 
current  series  of  tests  In  perspective,  the  following  features  of  the  pest 
teata  are  noted. 

•  The  teet  sixes  ranged  from  laboratory  scale  (15  cm  diameter)  to 
large  field  fires  (10  ■  x  13  ■  pools).  Some  qualitative  obser¬ 
vations  of  the  200  a  diameter  fire  resulting  from  the  1944  Cleveland 
LMG  accident  are  also  available. 
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«  1;,  .  .  i..  ,-.i  <siw  p.'w.T*  deduced  fiom  t  ho  measured  radiometer 

2 

o,,..  i  f  on  <)  .•  to  160  f.v.’m  .  Some  researchers  have 

. . .  ,-d  1 1.  •  i  i <ii: >  <h.(|hii  In  loirs  of  the  base  area  of  the  flute. 

2  2 

yii !  s  nuii  i  v. u  Nil  Usun  'i  600  kW/in  and  850  kW/m  . 

•  ;  i ;  l  a  it  i  on  t  i  on  energy  which  v.i.;  i  .id  la  ted  in  these 

vi.  ii-'is  1 1':.; i  iiiiccd  between  10*  and.  40X. 

2  .  .  A:.  .  i  .  .1:1  '  ii.  ,'iSM'r  l.i’  loti  TcJiTm 

Hoi  '.  \,\  iv,l  a  Merits  of  l.uei  pool  file  teats  was  conducted  under 

'in  mi  '.i.'.  .  lip  o!  ini  Aim- r  l  can  Can  Asso-'lat  ltiii  (ACA,  1^74) .  The  tests  in- 
vol  ved  tin.  u;  i  ;  ■  ;  l  '  .i>  '  l.N  site  .orap.a,  ted  k  to. uni  in  a  diked  area,  lgnl- 

:  -.  .  o;  :  .  ;  .••  r-e.i  .  > .  .  .r  ■:  t !.«  t  he  trial  i  ad  1  at  Ion  from  the  lire  at 

different  >! .  s  i  <m»  :  r  »n  tin  lue  <  ent  ei  .  Three  different  dike  diameters 

were  use  if  in  the  !  i  s  .  These  wore  1.8  m  (6  ft),  6  o  (20  ft),  and  24  m 
(Mil  :t  >**  In  di.irteter.  Also  measured  in  these  tests  were  the  liquid  re¬ 
gression  rate  In  the  pool,  ir,:  t  in  dfre.t  .'.illation  from  the  flame  to  the  pool, 
i  he  fiMtaet  was  m.  a-on  »d  with  a  depth  gage  and  the  latter  using  four  wide- 
angle  ..id!  liters  !  ( -i  at  i‘d  in  too  dike  aimed  vertically  upward.  Motion 
Pi<  ;  in  e  i  ■  i  .  ■  . •  •  ;  .  :  i  ■  >•••  w.  :  .«!  .o  made  . 

;  tie  ir-  'up  •.  •  hat  v.  re  generated  bv  the  AC.  A  tests  are  as 

t  o  1  '.  -vs  : 

•  li  ,  •  i  .i  regression  rate  varied  with  time  (due  to  varying  heat 

i r.fs I ei  rate  tin:  the  gtound).  The  quasi-steady  state  liquid  pool 
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i,  Kii . .  i.it,  vat  led  with  dike  size.  It  was  1.5  x  10  m/a 

t ",  i  i  .  a,  min)  in  1  .  'J  ;.  dUnrter  Sires,  2.2  x  10  4  m/a  (0.52  ln/nin) 

in  <>  it.  t  l  r .  ■  f.  and  7.1  x  10  “  m/s'  (0.55  in/mln)  for  the  24  m  fire. 

1:,.:  port  i.  u  ol  this  rate  t  lint  was  due  to  back  radiation  from  the 

_  r 

tiie  wj.i  estiAiti.i  t.  he  t.2  x  10  m/s  (.12  ln/mln)  in  the  1.8  m 
di„ro»o.ei  tiles  and  1.  )  x  1 1 1 _ ^  m/s  (U.34  ln/tnin)  in  the  6  n  diameter 

*  1  c  i  iitiu  ,i  terminology  enrmint  ered  in  the  study  of  radiative  tranafer 

frotn  fires  arid  flank's  «*-«•  Indicated  and  defined  in  Appendix  C.  Also 
given  in  t  lie  Appendix  ate  the  values  of  constants  in  SI  unit  a. 

**  tnlv  on.-  ten;  of  the  24  tr.  size  was  conducted.  The  reaulta  from  this 
test  i-e  minpe. t  bei aus.  of  accidental  ignition  of  vapors  outside  the 
p  i  1  ami  the  consequent  destruction  of  cables  and  measuring  instruments . 

m  fire. 

1 


Kst  mat  val  ue  f  m  t  In- 


•  Tha  average  flame  to  pool  radiation  flux  was  3.3  kV/m  in  the  l.d  m 

f ire*  and  A. 2  kW/m2  in  the  6  m  firea.  These  represented,  reapectivel 
35X  and  66X  of  the  total  heat  transfer  to  the  liquid  (from  flame 
and  ground).  The  dominance  of  radiative  transfer  in  the  larger 
fire  wsa  clearly  seen. 

•  The  angle  of  tilt  of  the  flame  plume  by  wind  could  be  correlated  by: 


Cos  6  • 


u* 


Uwind 
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1  for  u*  <  1 

1 _  for  n*  >  1 

>  u* 

Dimensionless  wind  velocity 


(2.1) 


(2.2) 


where  6 
i" 

% 

D 


tilt  of  the  axis  of  flame  with  respect  to  the  vertical, 

2 

the  liquid  burning  rate  per  unit  area,  (kg/m  a) 

3 

the  vapor  density  at  ambient  pressure,  and  (kg/m  ) 
the  fire  diameter,  (m) . 


Another  somewhat  more  elaborate  correlation  has  also  been  proposed  to  fit 
the  data.  The  difference  between  the  tilt  angle  estimated  by  using  the  two 
correlations  is  very  small  (see  Section  C,  AGA,  1974). 

S  The  height  of  the  visible  flame  could  be  correlated  using  Thomas' 
correlation  (sec  Section  2.3.1).  However,  in  the  24  m  teat,  the 
flame  heights  measured  were  about  three  times  the  diameter.  This 
la  about  301  more  than  that  predicted  bv  Thomas’  relationship. 

Two  different  groups  analyzing  the  AGA  fire  data  came  to  somewhat 

different  conclualonB.  One  group  (ADL)  concluded  that  the  AGA  teat  data 

Indicated  the  flame  height  to  diameter  ratio  was  essentially  3  and  the 

2 

flams  emissive  power  wea  100  kW/m  .  The  corresponding  conclusions  from 
the  other  group  (\Jt)  were  that  the  visible  flame  heights  could  be  adequately 

explained  by  Thomas'  correlation  (see  below)  and  that  the  flame  emissive 

2 

power  was  140  kV/m  . 
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Spectral  a-asurecient e  of  t  h<‘  inirmed  emission  from  the  fluan.  were 
also  made  In  these  experiments.  While  no  conclusions  were  drawn  trom  the 
flame  spec.ral  meuauroir -nt  n ,  it  was  Indicated  that  a  significant  fraction 
or  radiation  from  t V  tires  tespee 1 al 1 v  the  6  m  and  the  24  m)  could  be 
attributed  to  luminous  soot  .  The  fraction  of  radiation  attributed  to  soot 
was  reported  to  he  in  the  ().<>  to  O.H  range.  The  percent  of  heat  energy 
liberated  bv  combust  ion  which  Is  emitted  as  radiation  waa  calculated  to  be 
about  201  tor  the  1.8  m  fires,  25X  for  the  6  o  fires  and  about  23X  for  the 
24  m  file.  These  values  are  well  within  the  range  generally  quoted  In  the 
combustion  literature  to:  radiation  iron  large  fires.  However,  what  is 
Icnh  certain  is  the  magnitude  of  this  pe  rc-ent  ago  for  a  very  large  fire,  or 
how  it  changes  with  the  higher  hydrocarbon  contents  of  the  I.NC. 

The  principal  conclusion  t  i  om  the  A GA  test  experiments  waa  that  LNG 
fire  was  hlghlv  radiative  because  of  luminous  soot.  There  was,  however, 
difference  of  opinion  on  the  magnitude  ot  the  emissive  power.  General 
models  for  predicting  thermal  radiation  hazards  from  diked  LNG  pool  fires 
were  proposed. 

?  .  ?  .  3  Recent  Test  s  and.  On-GHnc  Tests 

Since  the  completion  of  the  AGA  test  scries  there  have  been  no  large 
Si-aU  l«SG  fire  experiments  within  the  1‘ .  S.  designed  specifically  to  study 
the  thermal  radiation  output.  Tests  conducted  by  University  Engineers,  Inc., 
(I’E,  197s)  were  primarily  intended  to  study  the  effects  of  extinguishing 
agents  on  i.NG  dike  fires.  <  t  lie  r  I_NG  fire  tests  in  the  open  have  been  con- 
doctod.  in  the  last  few  years  In  Japan  (Tokyo  Gas),  and  in  England  (British 
Gas  Corn  ration).  Manv  of  these  tests  Involved  spills  Into  precooled  dikes. 

-  ....  j >  .  «  .  *  t  a  .i  .1..  J  ..  t  no  e  j  _  _ 

in  Addition,  Rcvorrtl  u>u  iirr  i  uik  atfioum  iw.k  meiy  jmuuulv  niev 

for  training  programs. 

2.  3  MODELING  F I  RE  RADIATION 

The  degree  of  sophistication  uBed  in  determining  the  magnitude  of 
thermal  radiation  field  around  a  fire  depends  on  the  accuracy  to  which  the 
radiation  field  bn.;  to  be  described  for  the  end  use  of  the  Information, 
go r  example,  contingency  planning  In  the  transportation  of  flammable  fluids 
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involve*  estimating  the  extent  of  hazard  zone*  from  potential  fire  accident 
scenario*.  In  such  cases  it  may  suffice  to  use  staple  models  because  the 
accidental  release  parameters  may  not  be  known  precisely.  On  the  other  hand, 
In  developing  siting  criteria  (such  as  spacing  between  adjacent  stor¬ 
age  tanka)  it  ie  desirable  to  use  as  accurate  a  model  aa  is  available. 

Thera  ara  basically  two  models  to  describe  the  thermal  radiation  field 
around  a  flra.  The  flret  model,  which  is  very  simple,  is  called  the  "In¬ 
verse  Square  Law"  model.  The  second  but  more  sophisticated  model  Is  celled 
the  "solid  fleme"  mode  1 .  The  state  of  the  art  in  calculating  thermal  radi¬ 
ation  hazards  froe  me.  fires  has  been  discussed  In  a  recent  review  paper 
(Raj,  1977).  More  detailed  analysis  of  these  models  are  Included  In  the 
review  paper. 


The  Inverse  Square  l.aw  model  is  baaed  on  the  fact  that  the  flux  of 
radiant  energy  at  any  distance  from  a  point  source  varies  as  the  Inverse 
square  of  the  distance  from  the  source.  Based  on  this  model  the  thermal 
flux  ($")  at  any  distance  (X)  from  a  fire  is  calculated  by  the  formula: 


where  Q  *  n  Q  ■  Thermel  energy  radla  In  unit  time  (W) 
c 


(2.4) 


In  the  above  equation  Qc  is  the  rate  of  energy  released  by  the  com¬ 
bustion  of  fuel,  and  n  is  the  fraction  of  combustion  energy  released  In 
the  form  of  thermal  radiation.  The  above  model  assumes  the  fire  to  be  • 
point  source  of  energy.  The  model  does  not  account  for  the  absorption  of 
radiation  by  the  Intervening  atmosphere. 

Inc  value  of  the  fractional  energy  radiated  counoi  be  dilirsli.ru  theot- 
etlcelly.  A  reasonable  value  would  he  ?5%,  even  though  the  estimated  value 
from  measurements  varies  between  about  1  5%  and  35%  (see  the  reviewed  values 
In  Rej ,  1977) . 

The  etcond  approach  generally  used  in  the  literature  to  evaluate  the 
thermal  field  around  a  fire  Is  based  on  mognizlng  the  fact  that  the 
radiation  from  a  fire  originates  from  the  hot  gases  in  the  plume  and  elg- 


nif leant  energy  t .  rudiateu  f mo  regions  which  torn  tht  visible  llame. 

In  short  this  model  takes  Into  jocoi.ut  the  effects  ol  b1’’.o  and  shape  of 
fire  and  th«'  specie  content  rat  Ion  In  the  fire.  A  simplified  version  of 
thin  model  is  called  the  solid  flame  model  and  Is  used  widely  for  des¬ 
cribing  1-NC  fire  radiation  (AGA,  1971;  AGA ,  1974),  The  solid  flame  model 
assumes  the  flame  to  be  a  cylinder  with  diameter  equal  to  fire  base  diam¬ 
eter  and  axial  length  e^ual  to  the  length  of  the  visible  fire  pluM.  Also 
the  flame  is  assumed  to  radiate  uniformly  ocer  the  entire  surface  of  the 
cylinder.  Die  tnerma]  radiative  flux  at  any  position  (X)  from  the  flame 
center  is  then  given  by: 

q’’  -  K  F  -  (2.5) 

where  K  is  the  rate  oi  energy  radiation  per  unit  nominal  flame  surface 
area  (emissive  power),  K  is  a  geometric  view  factor  between  the  flaar  and 
the  receiver  and  t  is  the  atmospheric  transmissivity  for  thermal  radiation 
from  the  fire.  The  view  factor  inlculation  is  in  general  very  tedloua 
hecauoe  it  depends  on  the  f line  geometry,  relative  position  of  the  receiver 
and  the  orientations  ol  the  receiver  and  the  flame.  Methods  for  calculating 
the  view  factors  tot  general  cases  are  given  by  Hottel  and  Saroff^>  (1967), 
Sparrow  (1971)  and  loi  speciiji  cases  ''v  Rein  cl  al.  (  1970),  Ra  ]  et  a]  . 

(  19  74'  .  a ’u!  i’.i  ;  (  1  ' '  '  '  . 

The  determination  of  the  emissive  power  F.  of  a  flame  1b  more  difficult. 
The  thermal  radiation  from  a  fire  emanates  from  both  gaseous  species  such 
as  water  vapor,  carbon  dioxide  and  carbon  monoxide  as  well  as  from  luminous 
soot  particles.  The  gnseou-.  species  emit  radiation  in  certain  spactral 
bands  ( non - lumi nous  radiation)  whereas  the  sool  radiation  is  continuous 
over  the  entire  spectral  range  of  importance.  The  theories  of  gas  radi¬ 
ation  and  the  models  developed  to  describe  the  band  emission  from  various 
gases  are  described  In  moat  text  books  on  radiative  transfer  (aee  Hottel 
and  Sarofim,  1967).  Recent iv,  deRia  (197B)  has  reviewed  these  models  from 
the  point  of  view  of  fire  radiation  predictions.  Modak  (1978)  has  developed 
simplified,  calculation  proi  «-durrs  for  obtaining  the  gas  emi sslvitles .  Mark- 
stein  (1975)  has  proposed  a  model  which  considers  a  fire  as  a  two-apecle 
emitter  whose  total  radiance  is  equal  to  the  weighted  sum  of  th«  radiance 


dua  to  gaa  emission  and  that  due  to  aoot.  Using  a  unique  laboratory  experi¬ 
mental  procedure,  Marks tein  has  measured  the  radiances  of  ethane  and  pro¬ 
pane  flamea  (laminar  and  turbulent).  Markatein'a  data  indicate  that  tur¬ 
bulent  fires  are  less  radiative  than  laminar  fires.  Also  his  data  seem  to 
confirm  soma  eerlier  findings  that  in  fires  the  heat  release  rate  per  unit 

volume  of  flame  Is  constant  and  Independent  of  fuel  types.  This  value 

3 

was  found  to  be  about  2  x  10  W/m  (it.  a  1  m  high  flame).  Based  on  this  signi¬ 
ficant  finding  deRls  (1976)  has  attempted  to  develop  a  cascade  combustion 
model  for  buoyant  diffusion  flameB  with  s  view  to  predicting  the  fraction 
of  combustion  energy  that  is  radiated.  Thla  model  explains  qualitatively 
the  relative  Insensitivity  of  the  fraction  radiated  to  the  fuel  flow  rate. 

It  Is  known  generally  that  a  significant  fraction  of  the  fire  radi¬ 
ation  originates  from  the  luminous  soot.  Markateln's  data  for  turbulent 
fires  of  ^jO£inc_jndfth«m’  Indicate  that  In  very  large  fires  about  98X 
of  radiation  is  emitted  by  luminous  soot.  The  emiBslvltv  of  soot  depends 
on  the  mean  volume  fraction  of  soot,  the  temperature  and  the  flame  site. 

The  soot  spectrsl  absorpt  lotv  etnlssl  on  coefficient  is  approximately  propor¬ 
tional  to  the  inverse  of  wavelength  and  can  be  expressed  by  (Daleell  and 
Saroflm,  1969): 

k  -  B  f  /‘  (2.6) 

•  P  B  V 

where  R  is  a  dimensionless  constant  of  magnitude  between  4  and  10  (gencr- 

fl 

ally  assumed  to  be  7)  and  f  Is  the  volume  fraction  of  soot.  deRia  (1978) 

v 

hae  shown  that  based  on  the  above  equation  the  emlaslvlty  of  soot  is: 

r.  -  1  -  (IS/*4)  *(3)<1  -•  B  f  XT/0 , )  (2.7) 

where  is  the  pent  a  gurrcr.a  (utrtlor.,*  X  Is  the  path  length  for  radiation 

and  la  the  Planck  second  t  oust  an'..  There  are  no  comprehensive  models 
to  describe  the  formation  of  soot  or  to  estimate  the  amount  of  aoot  pres¬ 
ent  in  a  given  flro.  Therefore,  the  use  of  the  above  equations  la  llmitad. 


*  Penta  Camas  funrtlcjj  Is  defined  by: 


t  V7t 

U-e"f  ) 


dt  , 


Sae  Abramovlti  and  btegun  (196''.),  p. 


260. 


2-8 


Current  fit  irtul.at.ion  models  are  at  a  ntfge  where  given  the  tempera¬ 
ture  of  the  gases,  the  partial  pressures  of  gaseous  species,  th«  soot  con¬ 
centration  \d  the  size  of  flr«-  it  Is  possible  to  predict  the  emissive 
power  of  the  fire  with  at  lead  an  accuracy  sufficient  for  engineering  cal¬ 
culations.  Unfortunately,  however,  none  >>f  these  values  are  known  a  priori 
in  a  large  diffusion  fire  and  tluif  is  why  the  prediction  of  radiative  out¬ 
put  from  such  fives  Is  difficult.  This  difficult-?  has  been  overcome  in 
many  instaiues  by  aired  measurements  of  emissive  power  in  experiments. 

This  certainly  is  the  case  with  I.NO  fires. 

2.  A  S('JU.IN_C  LAWS 

In  extrapolating  the  results  from  small-scale  experiments  for  predic¬ 
tion  of  the  hazards  r,  large-scale  noill  flies.  It  is  essential  to  know 
the  laws  of  scaling.  Review*-  i  in  this  section  are  the  scaling  laws  for  the 
physical  sire  of  the  fire  as  well  as  the  scaling  of  radiative  characteris¬ 
tics  of  turbulent  diffusion  flames.  The  emphasis  In  the  review  of  physical 
sire  scaling  laws  Is  on  IS spills  on  water. 

2  ■  A  .1  ji  1  T.  e  Scaling 

Pool  Size 

In  the  Hi/e  Mating  of  a  1-NU  fire  on  water,  the  parameters  of  Impor¬ 
tance  ore  the  volume  of  spill,  the  duration  of  spill,  and  the  rate  of  mass 
loss  per  unit  area  (vaporization  oi  regression  rate).  The  maximum  diameter 
o!  tin  pool  ut  th«  base  •  (  the  file  is  given  by  iK.il  Ct  al  .  ,  1974): 

Li  .]  i/«» 

m  V  R  ,  .  ..  u,.  /  ^  v 


-M 

~l-T 


for  1 nst ant nneout  spills 


for  continuous  spills 


(2.8) 


(2.9) 


where  V  Is  the  volume  of  liquid  spilled,  y  Is  the  regressirn  rate,  A  tha 
liquid  lradlou.il  densitv  defect  and  t  1h  I  he  duration  of  spill  when  the 

volume  V  Is  spilled  continuously  at  a  constant  rate.  Other  researchers 
have  also  obtained  similar  expressions  which  differ  only  in  tha  atagnltude 
of  the  constant  factor  (for  n  review  see  Otterman,  1975).  Expressions 


for  ths  size  of  the  pool  during  the  transient  spreading  phase  are  also 
available  (see  Raj,  1977;  Raj  and  O'Farrel,  1978).  In  a  recently  pub¬ 
lished  paper  (Raj,  1979),  the  Issue  of  classifying  jpllls  Into  instantaneous 
and  continuous  has  been  discussed  and  a  criterion  has  been  derived,  A 
lpill  is  classified  as  "Instantaneous"  if: 


t  <  t  (2.10) 

s  c 

Duration  of  spill  A  critical  time 

of  volume  V 


where  for  LNG  spills  on  water  (spi 11  volume  in  the  range  1000  -  50,000 

m"S  the  critical  time  is  given  by: 

-3  v»/3 

tc  -  2  x  10  - -  (2.11) 

y 


If  equat Ion  2 .  10  Is  not  satisfied,  the  spill  is  assumed  to  be  a  con¬ 
tinuous  spill. 


Visible  Hm«  Height 


The  height  (or  length  of  plum*1)  of  a  visible  flame  la  dependent  on 
several  psrameters  including  the  sire  of  the  fire  (diameter),  the  mass  flow 
rate  of  fuel  vapor,  the  nature  of  the  fuel  and  otlier  ambient  conditions. 
Different  correlations  exist  relating  the  vlnlhle  length- to- diameter  rati» 
for  other  parameters.  Thomas  et  al .  (1965)  derived  the  following  correlation 
to  a  free-burning  turbulent  fire,  dominated  by  oelf-lnduced  buoyoncy  forces 
and  self-generated  turbulence. 


(2.12) 


where  A"  Is  the  mass  burring  rate  per  unit  pool  ares,  and  a*  If.  the  density 
of  air.  Steward  (1970)  and  more  recently,  Becker  and  Liang  (1978)  have 
developed  flame  length  correlations  based  on  laboratory  date.* 


*  AGA  flame  height  data  did  not  agree  with  Steward's  correlation.  A  cur¬ 
sory  look  at  the  data  from  present  experiments  did  not  check  the  Becker 
and  Liang  correlation  (which  gives  l.fD  »  11  for  pool  sizes  tested,  where¬ 
as  observed  values  are  In  the  3  to  4  range*)  .  Therefore,  the  details  of 
these  correlations  are  not  discussed. 
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It  should  be  noted  that  the  visible  flame  does  not  represent  the  com¬ 
plete  radiative  surface.  In  the  upper  portion  of  the  flame,  both  flame 
temperature  and  soot  concentration  decrease  with  height  so  that  the  con¬ 
tribution  to  the  radiometric  data  by  the  Infrared  portion  of  the  spectrum 
become*  Increasingly  dominant  (Marksteln,  1976).  However,  at  thie  stage, 
the  flame  may  not  be  visible.  The  difference  between  visible  surface  and 
the  1R  radiating  surface  Is  a  small  fraction  of  the  total;  for  many  prac¬ 
tical  purposes,  the  distinction  can  be  Ignored. 

2.4.2  Radiation  Scaling 

The  amount  of  energy  emitted  per  unit  area  by  a  black  body  is  propor¬ 
tional  to  the  fourth  power  of  temperature.  The  temperatures  of  fuel  fires, 
in  general,  do  not  vary  significantly  and  are  in  the  1200  K  -  1500  K  range. 
From  a  radiative  point  of  view,  both  temperature  and  emlHslvlty  are  Impor¬ 
tant.  Emlsslvity  for  a  continuum  (or  Rrey)  emitter  can  he  expressed  by: 

-kD 

c  -  1  -  e  (2.13) 

idle  re  k  is  the  mean  absorption  coefficient  (m  *)  and  0  the  flsme  sire.  For 
band  emitters  (such  as  K^O  and  CO.,)  the  relationship  Is  not  simple.  The 
emlsslvity  depends  on  the  temperature  and  partial  pressure  beam  length 
product . 

Cband  ’  f  (P‘-  T)  <2-“> 


Graphical  representations  of  the  above  function  lor  different  species  are 
available  In  radiative  transfer  text  books  (see  Hottel  and  Saroflm,  1967). 
If  dynamic  similarity  exists  between  an  experimental  fire  in  the  labor- 


above  equations.  Of  course,  beyond  s  certain  sire  the  emlsslvity  may  be 
almost  unity.  For  fuel  fires,  this  thickness  ranges  from  about  3  m  for  pro¬ 
pane  and  5  n  for  ethane,  to  about  10  m  for  methane  (Harkateln,  1976). 


For  turbulent  diffusion  fires  generated  by  controlled  fuel  vapor  flow, 
scaling  laws  describing  the  physical  dimensions  of  the  fire  and  the  radiative 
output  have  been  developed  by  Harksteln  (1976).  The  validity  of  these  scaling 
laws  for  a  pool  tire.  In  which  the  evaporation  rote  of  the  pool  (i.e.,  the 
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vapor  flow  race)  Is  Itself  dependent  or  the  radiative  characteristics  of  the 
fire  and  lta  site,  has  not  been  demonat rated . 

Radiative  transfer  in  fires  la  an  area  of  continuing  research.  While 
significant  progress  is  being  made  in  several  areas  (such  as  developing  a 
comprehensive  combustion  model  for  a  buoyant  turbulent  fire)  many  other 
problems  have  not  been  investigated  adequately.  One  of  these,  for  example, 
which  has  significant  relevance  to  large  LNG  spill  fires  on  water,  is  the 
question  of  sire  stability.  If  one  kept  on  Increasing  the  sire  of  the 
pool,  is  there  a  critical  sire  beyond  which  no  single  diffusion  flame  is 
sustained  on  the  oool,  but  instead  would  one  find  a  cluster  of  smeller 
pool  fires?  In  such  a  case,  what  are  the  parameters  that  Influence  this 
critical  size?  The  question  is  not  academic ;  for  If  the  flame  size  (and 
therefore  the  flame  height)  is  reduced  but  yet  the  flame  is  optically  thick, 
the  radiation  hazard  zone  will  be  significantly  reduced. 

2.5  UNCONFINED  VAPOR  FIRES 

Vapor  fire  experiments  have  been  conducted  before  (Gaz  de  France,  1972, 
AGA);  however,  these  were  not  Intended  for  studying  either  the  flam*  propa¬ 
gation  in  vapor  clouds  or  the  thermal  radiation  from  such  fires.  The  data 
that  could  be  gathered  from  these  teats  were  reviewed  by  Raj  and  Easons  (1975). 
Also  developed  In  the  same  paper  Is  a  model  for  the  propagation  of  turbulent 
fire  in  an  unconfined  vapor  cloud  and  for  estimating  fire  size.  Another  type 
of  vapor  burning  in  the  form  of  a  fire  ball  has  been  proposed  by  Fay  (1975), 

Fay  and  Desgroscllllers  (1978),  and  Lewis  (1978).  The  propagating  fire 
nodcl  and  the  fire  ball  model  have  bean  discussed  by  Raj  (1977)  in  the 
review  article.  Hardee  et  al.  (1978)  have  also  developed  a  simple  fire  ball 
modal.  Small-scale  experiments  in  the  0.1  -  10  kg  range  (with  pure  methane 
and  premised  methane  air  mixtures  at  ambient  temperature)  have  been  performed. 
The  experimental  fire  balls  were  smaller  than  the  theoretical  predictions. 
Combustion  times  seem  to  agree  better. 
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system.  The  tank  Is  e  vertical  cylinder  of  nominal  capacity  —  6m 
(2  m  diameter  x  4  m  height)  and  is  Insulated  on  the  ootside  with  about 
0.2  m  thick  polyurethane  foam.  The  Insulation  Is  painted  white 
(silver)  to  reduce  the  radiative  heat  leak.  The  tank  la  located  about  15  m 
away  from  the  center  of  the  southern  edge  of  the  pond.  The  spill  line  starts 
inside  near  the  tank  bottom  and  extends  through  the  top  of  the  tank.  Ex¬ 
ternal  to  the  tank,  It  Is  basically  an  Insulated  0.15  m  (6  inch)  diameter 
pipe  except  towards  the  discharge  end  where  Its  diameter  Increases  to  0.2  m 
(8  inches).  Transfer  is  accomplished  by  introducing  nitrogen  into  the  tank 
vapor  space  thus  forcinR  liquid  through  the  spill  line.  The  ullage  space 
in  the  tank  is  connected  to  nitrogen  cylinders  through  remotelv  operated 
pressure  reduction  valves.  The  nitrogen  cylinders  are  on  a  flat  bed  truck 
which  can  be  seen  in  Plate  3.1. 

The  spill  line  over  the  pond  rests  on  a  pipeway  supported  on  a  trestle. 

The  center  line  of  the  horizontal  section  of  the  pipe  is  2.2  m  above  the 
water  line.  The  discharge  end  of  the  pipe  has  an  elbow  with  a  short  ver¬ 
tical  section  exactly  above  the  center  of  the  pond.  The  exit  section  of 
pipe  is  1  m  above  pond  water  surface  and  discharges  liquid  vertically  down. 

A  circular  metal  plate  (0.5  a  d  .meter)  is  suspended  from  the  pipe  with 

the  plate  surface  just  beneath  the  water  aurfoce.  This  plate  is  intended 

to  prevent  the  LNG  Jet  from  Impinging  on  the  bottom  of  the  shallow  spill  pond, 

A  radiation  shield  is  provided  between  the  stainless  steel  tank  and 

the  pond  edge  to  minimize  heat  radiation  to  the  tank  from  the  12NG 

fire  on  the  pond.  Also  provided  is  another  thermal  shield  to  protect  th* 

thermocouple  Junctions  and  other  instruments  from  fire  radiation. 

Meteorological  data  are  recorded  from  two  stations.  One  station  for 
wind  speed  and  direction  is  on  top  of  the  bunker.  The  other  is  located 
at  about  10  m  upwind  from  the  SW  comer  ot  the  pond.  This  station  records 
wind  speed  and  direction  2  m  above  ground,  temperature,  pressure,  and 
relative  humidity.  In  addition,  ior  rest  #12  and  later  tests,  wind  direc¬ 
tion  and  velocity  at  10  m  above  ground  and  lapse  rate  up  to  15  m  were  re¬ 
corded  at  pond  station. 

For  the  initial  two  tests  a  matrix  of  thermocouple*  was  provided 
underneath  the  water  to  measure  the  heat,  transfer  from  the  water  to  LNG 
(by  noting  the  instantaneous  temperature  of  water).  This  matrix  consisted 
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of  6  thermocouples  located  vertically  beneath  the  v.itei  surface  at  2  nun 
intervale,  There  were  5  such  vertical  arrays  arranged  at  2  m  spacing 
along  the  downwind  (NE)  direction  from  the  spill  point.  Seven  additional 
surface  thermocouples  were  also  provided.  These  t hennocoupl os  were  not 
uaed  in  the  later  tests  because  the  surface  temperature  data  obtained  in 
the  first  two  teats  were  very  noisy  probably  due  to  wave  effects  and  no 
sense  could  be  made  of  them.  Thernr'couples  lower  in  the  water  registered 
no  observable  temperature  changes. 

The  test  equipment  also  Included  electrically  initiated  flares.  Kor 
Igniting  the  pool  fire,  an  Ignitor  was  provided  about  1/2  m  behind  the 
exit  aection  of  the  spill  pipe.  The  number  of  ignition  flares  for  the 
vapor  fire  tests  varied  between  2  and  3,  and  these  were  located  on  land 
on  the  downwind  side.  Their  exact  locations  in  each  vapor  fire  experiment 
are  described  in  Chapter  h .  A  safety  flare  was  also  provided  midway  be¬ 
tween  the  bunker  and  the  pond.  This  was  Intended  to  ignite  any  vapors 
that  might  blow  in  the  direction  of  the  bunker. 

3,2  INSTRUMENTATION 

The  principal  Instruments  used  in  the  series  of  tents  described  in 
this  report  were  designed  to  measure  the  thermal  radiation  output  from 
the  LNG  pool  fires  on  water  and  the  LNG  vapor  fires.  In  addition,  photo¬ 
graphic,  meteorological,  spectral,  and  some  gas  concentration  data  were 
obtained.  Table  3.1  gives  a  summary  list  of  the  instruments  used,  their 
type  and  manufacturers,  significant  specifications,  number  of  instruments 
used  and  other  special  information. 

Ivo  types  of  instruments  were  used  to  sstasurt*  the  radiative  output 
of  the  fires.  These  were  the  wide-angle  radiometers  (with  view  angle  of 
150*)  and  narrow-angle  radiometers  (view  angle  7°).  Both  radiometers  were 
water  cooled  instruments.  The  instruments  were  provided  with  windows 
(quartz,  sapphire)  to  prevent  the  air  currents  from  affecting  the  sensing 
elements.  The  actual  types  of  windows  used  on  each  radiometer  are  indi¬ 
cated  In  Chapters  5  and  6.  Since  the  wide-angle  radiometers  view  the 
entire  flame,  thelt  output  gives  an  average  value  of  the  total  emission 
from  different  parts  of  the  flame.  The  narrow-angle  radiometers  indicate 
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the  emission  from  a  specific  area  of  the  flame.  In  the  experimental  the 
wide-angle  radiometers  were  set  up  with  the  axes  of  the  instruments  hori- 

xontal  and  aimed  mostly  on  a  vertical  line  directly  over  the  spill  point. 
In  the  case  of  narrow-angle  radiometers,  the  "aim"  was  different  in  dif¬ 
ferent  experiments  and  these  are  indicated  in  Chapters  5  and  6. 

In  only  one  experiment  (Test  # 5)  ,  a  spectrometer  was  used  to  measure 
the  flame  infrared  spectrum.  This  instrument  was  mounted  on  a  mobile 
trailer  and  located  a  distance  of  236  m  from  the  pool  fire.  The  spectrom¬ 
eter  (a  faat-scannlng  Micholson  type)  had  a  scan  speed  of  0.5  e. 

All  oi  the  tests  were  recorded  on  movie  films  viewed  from  three 
different  directions.  The  movie  cameras  were  located  on  the  cross-wind 
direction  to  get  a  side  view,  on  the  upwind  (or  downwind)  to  get  a  second 
orthogonal  horizontal  view.  Another  camera  was  suspended  on  a  guy  wire 
between  two  poles  held  aloft  at  about  80  m  above  ground.  This  overhead 
camera  was  arranged  to  record  an  overhead  view  of  the  experiments,  but  the 
full  field  of  view  was  sometimes  reduced  since  the  camera  tended  to  sway 
in  the  wind.  All  of  the  cameras  recorded  the  experimental  events  at  a 
speed  of  100  frames  per  second.*  Two  of  the  pool  fire  tests  were  also 
recorded  on  70  mm  still  films. 

For  the  vapor  fire  tests,  hydrocarbon  sensors  were  located  at  5  down¬ 
wind  locations  on  land.  The  sensors  were  installed  about  0.6  m  above¬ 
ground.  These  instruments  were  intended  to  measure  the  vapor  concentra¬ 
tions  before  the  ignition  of  the  vaporr.  by  flares. 

The  electrical  signal  outputs  from  all  of  the  measuring  instruments 
were  connected  to  a  data  IcRger  and  to  the  high  speed  tape  recorder 
located  in  the  instrument  hunger  bv  cables.  The  data  loRger  is  capable 
of  taking  in  10  channels  of  input.  All  channels  can  be  scanned  in  250 
ms.  In  experiments  1-11,  wind  speed  and  wind  direction  were  recorded  on 
two  channels  each  (on  the  tape  recorder),  one  channel  each  of  ambient 
tei^>ersture ,  pressure  and  relative  humidity  were  also  recorded.  From 
Teat  #12  on,  additional  data  such  as  wind  speed  (1  channel),  wind  direc¬ 
tion  (1  channel),  ambient  temperature  (1  channel)  and  temperature  differ¬ 
ences  (A  channels)  in  the  atmosphere  were  also  noted. 


*  In  only  one  experiment  -  a  vapor  fire  experiment,  two  additional  movies 
were  taken,  one  at  24  frames  per  see  and  the  other  st  100  frames  per  sec. 
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The  progress  of  the  experiment  was  also  moniiored  from  a  c lose-circuit 
television  In  the  instrument  bunker.  The  television  camera  was  mounted 
on  top  of  the  bunker  and  had  the  ability  to  zoom  on  any  specific  spot. 

Also  ths  camera  could  be  panned. 

Thermal  imaging  films  of  the  vapor  cloud  wire  made  in  one  experiment. 
Tnermal  Imaging  Indicates  the  temperature  diat’ibution  within  the  cloud. 

The  principle  of  thermal  imaging  is  based  on  the  fact  that  the  transmis¬ 
sivity  of  the  various  parts  of  the  cloud  for  thermal  reflation  from  a  back¬ 
ground  source  (.such  as  the  desert)  is  a  function  of  the  temperature.  Be¬ 
cause  of  the  significant  expense  in  the  use  of  the  thermal  Imaging  camera. 

Its  use  was  discontinued  after  a  single  vapor  fire  test. 

Additional  instruments  used  Included  pressure  gages  to  monitor  the 
tank  pressure,  end  a  liquid  depth  gage  to  record  the  liquid  level  In  the 
tank.  These  instruments  were  also  monitored  remotely  from  the  instrument 
bunker. 

3.3  EXPERIMENTAL  PHOCEDlJKf: 

The  experimental  ptocodures  followed  for  both  pool  fire  tests  and 
vipor  fire  tests  were  similar  up  to  a  certain  time,  bevrnd  which  they 
differed  because  of  the  nature  of  the  tests.  In  brief,  the  test  p. . 
cedure  consisted  of  the  following  sequential  steps. 

1.  Based  on  rhe  wind  direction  and  wind  sp.ed  requirements  for 
the  teat,  an  appropriate  day  for  the  test  was  chosen  using  the 
meteorological  prognosis  as  a  guide. * 

2.  The  cryogenic  tank  was  cooled  by  I  NG.  If  the  tank  was  at  ambient 
temperature,  it  was  first  cooled  bv  adding  LNC  slcn.lv  and  cooling 
the  tank  by  vaporizing  the  LUG  until  the  tank  reached  the  ],NG 
boiling  point.  The  tank  wa »  then  drained  to  remove  enriched  LNG 
and  loaded  with  fresh  charge.  If  the  tank  was  cold  from  a  pre¬ 
vious  test,  It  was  first  drained  to  remove  residue  and  loaded 
with  fresh  MiG. 

H  ' 

Significant  delays  were  experienced  in  the  test  schedule,  waiting  for  the 
wind  to  blew  from  the  proper  direction.  Tests  were  not  conducted  for 
reasons  of  safety  when  the  wind  was  blowing  tc*i«rds  the  bunker.  Also  be¬ 
cause  of  the  peculiar  weather  patterns  over  California  during  1977,  meteoro¬ 
logical  predictions  on  wind  directions  proved  to  be  Inaccurate. 
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On  the  day  of  the  teat  all  instruments  were  checked  and  the  wind 
speed  and  direction  were  monitored  for  at  least  2  to  3  hours  be¬ 
fore  the  test  time.  Also  the  tank  was  pressurized  to  between  2 
and  6  atm  (depending  on  required  LNC  flow  rate)  with  nitrogen. 

Whan  all  systems  were  found  to  he  in  order  and  the  wind  waa  in 
the  proper  direction,  the  LNG  spill  initiation  sequence  was  begun. 
The  wind  direction  was  leas  of  a  consideration  (than  wind  speed) 
in  pool  fire  tests. 

The  spill  line  was  precooled  by  remotelv  opening  the  cool-down 
valve  and  allowing  a  small  amount  of  1.NG  to  flow  down  the  spill 
line.  All  the  recording  instruments  were  turned  on.  The  spill 
was  initiated  by  electrically  opening  the  solenoid  valve  located 
in  the  discharge  pipe  about  1/3  of  the  pipeline  lenRth  from  the 
tank.  The  tins*  at  which  the  valve  opened  was  recorded.  During 
the  liquid  discharge  from  the  tank  the  pressure  inside  the  tank 
was  maintained  to  assure  constant  liquid  flow  rate.  The  pres¬ 
sure  was  preset  at  a  value  cocuaensu rate  with  the  desired  rate  of 
flow. 

The  spill  was  monitored  on  the  TV  screen  lit  tlie  instrument  bunker. 
In  the  case  of  pool  fire  tests,  the  flare  was  ignited  at  the  same 
time  the  spill  valve  was  opened.  There  is  an  inherent  delay  be¬ 
tween  the  time  the  flare  is  ignited  and  fire  appears  from  the 
flare  case.  In  addition,  there  is  a  further  delay  until  an  ig- 
nltflble  gas  mixture  reaches  the  flare. 

In  the  case  of  vapor  flies,  ignition  uut  not  effected  at  the 
spill  point.  The  vapor  cloud  forrued  »io  allowed  to  drift  over 
land.  The  land  based  flares  were  ignited  when  it  appeared  from 
the  TV  view  and  from  the  hydrocarbon  sensor  data  that  an  ignlt- 
able  mixrurc  had  reached  them. 

The  spill  valve  on  the  discharge  pipe  was  closed  when  the  volume 
of  liquid  In  the  tank  reached  1  ia^ ,  Tills  "heal"  was  left  in  Che 
tank  t  j  keep  It  cold  until  the  next  test. 
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live  data  obtained  during  .  tie  teat  Vi’i  i'  visually  tnonltorod  and 
later  pioi  (“MStfd  on  the  tfWi  computer.  i’rl.u  out  ol  the  signal 
strength  (In  mvl  In  individual  ihannelt;  with  tlvne  were 
obtained.  Alae  plotted  from  the  digitized  d.:.  w.-ie  the 
radiometer  data  it  vs  tin:-'. 

The  motion  put. ire  1  i  la*  were  leiiie  ed  i  >  *  -ed.  The 

data  obtained  in  the  exper  lr.»  nt  s  ,  stgi.l:  .  ohs-i  va ;  1  ons  on 

the  boluivior  Of  the  hit  I  e  runt  tiles  .11.'!  o'hei  i  •:!  .  )1  N,.it  1  on  o., 
the  experiments  are  discussed  In  d>  '  il.  in  i he  sue-equent 
chapter* . 


4  .  _  UNJ.  FLA  HI'.  RADiAI  SPF.CJK'M 

_4  .  1  I  NTRODUCn  ( >N 

An  understanding  of  the  Infrared  radiation  omission  sport  rum  front  an 
UNO  1  1  :trae  Important  from  the  point  of  v*ew  of  knowing  the  distribution 
u!  energy  tn  varlou:  hands  and  how  this  energy  distribution  1b  affected 
by  t  he  flam  sire,  flame  const  1  tut  ion  and  hv  the  meteorologlt  al  condit  : or*;. 

Hie  knowledge  of  the  fit  il  lr radiance  lioin  tin  tlaaie  ..nd  the  energy  din- 
tilhutlon  In  various  wave  lengths  can  t  hen  hr  ..t  I  lived  along  with  the 
absorption  charset et l st lcs  ol  the  atmosphere  (vatei  vapor  and  carbon 
dioxide,!  to  estimate  ini  dlalanies  flora  th«  fl.rv  v  whloli  various  levels 
ol  radiation  hazards  are  produced. 

In  the  current  series  of  LNC,  fire  experiments  described  in  this  re¬ 
port,  only  In  one  experiment  (test  V S ,  pool  fire)  was  the  lire  radiation 
spectrum  measured.  In  this  chapter  the  details  of  the  measured  spectrum 
and  Its  analysis  are  described. 

The  principal  products  that  result  from  the  (stoichiometric)  combustion 
of  methane  and  air  are  water  vapor,  CO^  and  nittogen.  In  addition,  in  the 
case  nf  hydrocarbon  diffusion  flames  where  the  rate  of  entrainment  of  air 
1 s  determined  by  the  i harac let  1 st 1 c«  of  the  fire,  soot  formation  occurs. 

Heme,  the  principal  thermal  emitters  In  an  I.N<  lire  are  expected  to  be 
water  vapor,  f.O^  and  soot.  However,  there  may  also  be  other  emitters  such 
as  CO,  CH^  and  other  Intermediate  reaction  products. 

4  . 2  F.XPKRIMENTAl.  SPKCTRAI  DATA 

,\  scries  of  one  hundred  twenty  eight  (12H)  fast  kccii  spectra  were  measured 
during  test  fS  Involving  a  pool  fire  on  water.  The  duration  of  each 
scar  was  about  h . 4  seconds.  The  Instrument  was  located  at  236  m  (774  ft) 
iron  tie  spill  point  mounted  on  an  instrument  true!  parked  lust  behind 
the  hunker  at  the  test  nlte.  The  spectral  range  scanned  wave  lengths 
from  1.4  m  to  S.5  um  with  a  resolution  of  7.7  cm  The  data  obtained 

‘ran  different  scans  have  been  reduced  at  approximately  3  second  Intervals 
starting  with  the  first  at  4.4  s  after  the  initiation  of  ignition. 
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FIGURE  4.1:  NWC  SPECTRUM  SCAN  #47,  AT  15  SEC.  AFTER  IGNITION 


SPECTRUM  SCAN  #92,  AT  40  SEC.  AFTER  IGNITION 


Figure*  4.1  end  4.2  show  two  typical  spectra  measured  at  ahout  15  seconds 
end  40  seconds  respectively,  after  ignition.  A  complete  package  of  the 
reduced  spectral  data  from  the  experiment  is  given  in  Appendix  D. 

4.3  IMSTBUMgyr  AMD  CALIBRATION 
4.3.1  Description  of  the  Instrument 

The  instrument  used  for  the  spectral  measurements  was  the  fast  scan¬ 
ning  Kichelson  Interferometer,  made  originally  by  General  Dynamics  and  sub¬ 
sequently  modified.  No  fore  optics  were  used  either  during  the  calibration 
or  during  the  measurement.  The  field  of  view  was,  therefore,  defined  by 
the  detector  lens  and  the  mask  on  the  face  of  the  detector  to  a  6“  (full 
cone)  angle.  The  detector  was  a  liquid  nitrogen  cooled  InSb  diode  and 
the  beam  splitter  was  made  of  KBr.  The  choice  of  the  detector  limited 
the  interferometer  to  wave  lengths  ('■ )  less  than  5.5  pm.  The  spectrometer 
had  two  Irtran  2  windows  and  two  PbSe  field  lenses.  A  schematic  diagram 
indicating  the  salient  features  of  the  Interferometer  used  is  indicated 
in  Figure  4.J.  The  workings  of  the  spoct romet er  are  described  in  Appendix  A. 

4 . J ■ /  Calibration  Procedure  and  Scale  Factor 

A  spectrometer  oust  be  calibrated  in  both  wave  length  and  energy.  In 
the  case  of  the  fast-scanning  Kichelson  interferometer  that  was  used  in  the 
experiment,  wave  length  calibration  is  based  on  the  built-in  He-Ne  laser 
which  controls  the  sampling  rate  of  the  recording  of  the  interferogram. 

The  Instrument  is  thus  inherently  calibrated  in  wave  length. 

The  spectrometer  used  In  the  test  was  calibrated  against  a  standard 
black  bodv  source  at  111b  K.  The  details  of  the  calibration  and  the 
equations  for  determining  iW  scale  fa. tor  when  the  spcct roRrt er  is  used 
to  view  the  flame  are  described  In  part  2  of  Appendix  A. 

The  theoretical  Mack  bodv  curve  for  a  111b  K  temperature  source  and 
the  measured  spectrum  are  Indicated  in  Figure  4.4.  It  is  seen  that  the 
measured  spectrum  and  theoretical  spectrum  are  in  excellent  agreement  over 
moat  of  the  wave  lengths.  The  wide  scatter  in  the  measured  spectrum  between 
1.5  urn  and  2.0  urn  is  prohnMy  due  to  noise  generated  by  Instrument  problems. 

The  lins  structure  at  2.5  cm  Is  due  to  water  absorption  lines.  The  significant 
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FIGURE  4.3:  SCHEMATIC  DIAGRAM  ILI.USTRAT  I  NG  THE 

PRINCIPLE  OF  MICHELSON  INTERFEROMETER 


dip  at  4.3  urn  (CO,  absorption)  seems  to  be  inexplicably  large,  considering 
the  calibratin'-,  was  done  at  short  range  to  minimite  atmospheric  absorption. 

The  spectrometer  calibrated  as  above  was  aimed  at  the  flame  in  Test 
#5  from  a  distance  of  236  m.  The  resulting  spectra  are  presented  with 
the  full  scale  on  the  graphs  representing  an  apparent  spectral  radiant 
intensity  of  2,000  kW/ sr  v,m.  (NWC,  1576.) 

At  a  range  of  236  m  (774  ft)  and  a  full  cone  angle  of  6°,  the  field 
of  view  covers  a  diameter  of  about  24  75  m.  The  center  of  the  field  of 
view  of  the  spectrometer  was  aimed  at  between  3  and  5  m  above  the  spill 
point.  A  schematic  of  the  field  of  view  at  the  Instrument  aperture  is 
shown  in  Figure  4.5.  The  actual  flame  shapes  seen  hy  the  croaawlnd  movie 
camera  at  about  20  seconds  (+  0.5  a)  are  also  shown  in  Figure  4.5.  It 
is  estimated  from  the  motion  picture  films  of  the  experiment  (see  details 
in  the  next  chapter)  chat  the  flame  diameter  is  about  13  m.  The  view  is 
such  that  a  part  of  the  reflection  of  the  flame  in  water  is  alao  "seen" 
by  the  spectrometer .  Some  energy  received  (by  the  spectrometer)  there¬ 
fore  represents  the  reflected  energy  from  the  water  pool.  However,  thlB 
represents  a  small  fraction  of  total  energy  received  because  of  the  com¬ 
paratively  small  flame  area  "seen"  in  reflection.  Alsu,  the  reflecti¬ 
vity  of  water  Is  only  on  the  order  of  20Z  from  1  -  6  urn  (with  the  ex¬ 
ception  of  s  peak  of  40Z  at  3  us).  Therefore,  we  estimate  the  projected 
flame  surface  area  seen  by  the  spectrometer  to  be  about  213  m^  -  13  , 

assuming  that  the  aim  of  the  axis  of  the  spectrometer  is  4  +  1  m  above 
spill  point. 

Rased  on  the  above  estimate  for  the  area  of  the  flame  seen  by  the 
spectrometer ,  the  spectral  radiance  represented  by  the  full  scale  on  the 
spectral  graphs  are 

SpT/?t  v*dJT*  -  -  9  4  +  S'S? ™/®2  «»« 

(full  scale)  213  -  0.54 

4.4  ATMOSPHERIC  ABSORPTION 

The  principal  constituents  of  the  atmosphere  that  absorb  thermal 
radiation  are  the  water  vapor  (H^O)  and  carbon  dioxide  (CO^).  Table 
4.1  indicates  the  composition  of  various  gases  in  the  atmosphere. 
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Flame  shapea  measured  from 
cross  wind  movie  films  (tost  #i) 
at  20  *  0.2  s  after  Ignition 


Diameter  of  field  of 
view  24.75  m 
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FIGURE  4.5: 


F1H1.D  OF  VIEW  OF  SPECTROMETER  AT  2  36  m  AND  THE 
REUU1VE  LOCATION  OF  THE  FUME  IN  THE  VIEW. 


TABLt  4.1:  CONSTITUENT  CASES  lh  THE 
ATMOSPHERE  ANT)  TKEIR  CCNC 


'AT IONS 


Concentration  In  Atmosphere 


Constituent  Gas 

(J  bv  volume) 

Nitrogen 

78.088 

Oxygen 

20.949 

Argon 

0.9) 

Carbon  Dioxide 

0.01) 

Neon 

1.8  x  10~3 

Helium 

5.24  x  lO-4 

Methane 

1.4  x  10"4 

Krypton 

1. 14  x  10'4 

Nitrous  Oxide 

5.0  x  10"5 

Carbon  Monoxide 

2.0  x  10  5 

Xenon 

8.6  x  10‘6 

Hydrogen 

5.0  x  10‘6 

Ozone 

Variable 

Water  Vapor 

Variable  (depends  on 
temperature  and  relative 
humidity) . 

*  Source:  Wolfe  (1965) 


4-9 


The  COj  content  In  the  atmosphere  is  in  general  constant  at  about 
330  ppm  by  volume ,  water  vapor  content  varies  strongly  vith  temperature 
and  humidity.  On  the  day  of  test  #5  for  which  the  spectral  data  are 
available,  the  ambient  temperature  was  294  X  (21°C)  and  relative  humi¬ 
dity,  54X.  Figure  4.6  Indicates  the  relationship  between  atmospheric 
temperature,  relative  humidity  and  the  amount  of  precipitable  water  vapor 
In  a  given  path  length.  Using  this  figure  and  a  path  length  of  236  m 
(775  ft),  the  precipitable  water  vapor  is  estimated  to  be  2.3  mm. 

The  principal  absorption  bands  for  water  vapor  are  at  1.87  pm, 

2.7  pm,  and  6.27  urn  (Wolfe,  1965).  Minor  absorption  bands  also  exist  at 
0.94  um,  1.1  um,  1.38  urn,  and  3.2  urn.  Strong  absorption  by  CO^  exists 
in  the  2.7  pm  region,  the  4.3  pm  region,  and  the  region  hetween  H.4  pm, 
and  20  pm.  Weaker  absorption  bands  are  present  at  1.4  pm,  1.6  um,  2.0  pm, 

4.8  pm,  5.2  pm,  9.4  urn,  and  10.4  pm.  As  the  temperature  of  the  emitting 
or  absorbing  species  increases,  the  bands  tend  to  broaden. 


A  useful  concept  for  the  quick  estimation  of  atmospheric  absorption 
of  continuum  radiation  is  the  "equivalent  bandwidth  of  complete  absorption." 
One  calculates  the  Integral  of  absorption  over  an  absorption  band  and  in¬ 
terprets  the  result  as  the  width  v>f  n  "rectangular"  complete  absorption 
band  equivalent  to  the  real  band  profile.  For  a  continuum  source,  the 
effect  of  such  opaque  bands  is  then  easy  to  estimate.  Three  absorption 
bands,  in  the  range  of  Interest  (1.5  um  through  5.5  um)  can  be  described 
in  this  way.  These  are  the  water  bands  at  1.87  um  and  2.7  um  and  the  4.3  pm 
C0j  band.  The  water  absorption  beyond  about  4.7  um  ie  not  as  readily  dealt 
with  alnce  the  band  structure  Is  not  narrow  compared  to  the  range  of  inter¬ 
est.  However,  the  fraction  of  total  energy  from  a  1300  X  black  body  that 
lies  bryunu  4.7  uni  la  about  25J  and  that  beyond  5.5  ps  is  only  191.  The 
results  of  total  absorption  bandwidth  calculations  for  the  above  three  bands 
of  Interest  are  given  In  Table  4.2a  and  4.2b.  The  calculations  are  based 
on  the  data  available  in  the  Infrared  Handbook  (Wolfe,  1965).  Also  given 
In  the  tables  are  the  fractions  of  a  1300  K  black  body  energy  that  will 
be  absorbed  in  each  of  the  bands.  Atmospheric  temperature  Is  assumed  to 
be  300  X  in  these  tables. 
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FIGURE  4 


P»th  <o*  1  mm  o<  »jtfr  (ft  /  T\rr) 


.6:  VARIATION  OF  PRECIPITABIE  WATER 

CONTENT  OF  ATMOSPHERE  WITH  TEMPERATURE 
HUMIDITY  AMO  PATH  LENGTH 


I 

I 


Sourr*’:  Krune,  et  al.  (1962) 


TABLE  4.2a:  TOTAL  ABSORPTION  BAND  WIDTH  FOR  1,87  pm 
AND  2.7  un  WATER  BANDS  AT  300  K 


- 

1 , 

.87  pm  Band 

2.7 

pm  Band 

Precipltable 

Water 

(on) 

Total 

Absorpt ion 
Band  Width 
AX 
( urn) 

Fract ion 
of  1300  K 
Black  Body 
Energy  Absorbed 

Total 

Absorption 
Band  Width 

AX 

(un) 

Fraction 
of  1300  K 
Black  Body 
Energy  Absorbed 

5 

0.  16 

.04 

0,58 

.16 

2 

0. 12 

.03 

0.51 

.  14 

1 

0.  1 

.03 

0.45 

.12 

0. 1 

0.033 

.01 

0.22 

.06 

0.01 

0.01 

.003 

0.07 

.02 

TAB1.E  4.2b:  TOTAL  ABSORPTION  BAND  WIDTH  KOK  4.3  urn 


co2 

BAND  AT  300  K 

Path  Length 
Through  the 
Atmosphere 

_ £»> _ 

Total 

Abac,  rpt  ion 

Band  Width 

. xiki _ 

Fraction 
of  1300  K 
Black  Body 
Energy  Absorbed 

1000 

.28 

.04 

2  36 

,  ^ 

.  03 

100 

'>  ? 

.03 

10 

.17 

.02 

1 

.065 

.01 

0.3 

.03  3 

.004 
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The  deti*  i  leJ  ^  a’ rul.i ;  ions  ot  the  .v.  itv.spher  1  .  t  sr.  1  ss  l  v  1 1  '■  for 

different  wave  lengths  is  a  tedious  )oK  Fortunately,  the  absorption  ifi 
minimal  except  at  certain  bands,  The  atmospheric  absorption  tables  for 
different  path  lengths,  bands  and  humidity  conditions  are  available  in 
the  literature  (see  Hudson,  1969;  Wolfe,  196b).  Utilizing  these  tabu- 

ft 

lated  values  we  have  estimated  the  transmissivity  variation  in  the 
atmosphere  with  wave  length  for  a  path  length  <>t  236  m  and  210C,  541 
relative  humidity  (2.3  mm  preclpltahle  vMer  vapor). 

Table  4.3  shows  the  t  ransr  1  1  vi  tv  of  I!  Ln  of  precipitahle  water) 

and  CO^  (200  m  path  length)  and  t tie  t (>t.il  t  ranstn  1  as lvi  ty  as  a  function 
of  the  wave  length  of  radiation.  The  total  transmisslvl tv  is  plotted  in 
Figute  4.7.  This  transmissivity  is  construed  as  the  one  applicable  to 
interpreting  the  spectral  data.  The  error  due  to  the  use  of  data  for  a 
200  n  path  length  for  C0?  (Instead  of  the  actual  236  a)  and  for  2  tun 
precipitahle  water  (instead  of  the  actual  2.3  mm)  is  expected  to  be 
small. 

4.5  ANALYSIS  OF  SPECTRAL  DATA 

During  the  experiment,  128  spectral  s  were  made  (each  scan  of 
duration  0.5  aecondo).  Data  from  12  representative  spectra  have  been 
reduced,  spaced  about  5  seconds  apart.  The  duration  of  the  intense  fire 
In  this  teat  lasted  only  for  about  26  seconds,  and  the  spectral  data 
covered  this  dur.it  i on  and  beyond.  Figures  4.1  and  4.2  are  typical 
spectral  records  representing  an  earlv  s.age  and  latter  stage  of  the  fire. 
All  of  the  12  spectral  records  measured  and  reduced  are  given  in  Appendix 
D.  Only  one  record  is  Analyzed  in  detail  for  making  quantitative  esti¬ 
mates  of  fire  radiation  and  for  the  purposes  of  discussions. 

* 

At  a  wave  length  of  1.9  um  and  2  tun  precipitahle  water,  the  fraction 
of  energy  absorbed  in  the  atmosphere,  according  to  the  table  in  Hudson 
(1969),  1 8  0.17.3.  However,  this  is  in  conflict  with  the  measured  spec¬ 
trum  where  the  absorption  is  about  98X, and  It  is  also  in  conflict  with 
the  data  in  the  IR  Handbook  (Wolfe,  1963). 
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TABLE  4.3:  VARIATION  OF  TRANSMISSIVITY  OP  ATMOSPHERE  WITH 

WAVE  LENGTH  FOR  THE  CONDITIONS  OF  THE  EXPERIMENT 


Wave 

Length 

Transmissivity  . 

Wave 

Length 

Transmissivity 

(us) 

H20 

C°2 

Total 

(ua) 

h2o 

co2 

Total 

1.5 

0.98 

1.0 

0.98 

3.6 

0.97 

1.0 

0.97 

1.6 

0.  11 

1.0 

0.11 

4.0 

0.99 

1.0 

0.99 

1.8 

0.24 

1.0 

0.24 

4.1 

0.98 

0.97 

0.96 

1.9 

0.  82 

1.0 

0.82 

4.2 

0.97 

0.55 

0.53 

2.0 

0.93 

0.95 

0.88  ; 

1 

I 

4.3 

0.95 

0.016 

0.015 

2.1 

0.98 

1.00 

0.98 

1 

4  4 

0.  91 

0.32 

0.29 

2.2 

0.99 

1  .00 

0.99 

4.5 

0.87 

0.95 

0.83 

2.  J 

0.98 

1.0 

0.98 

4.6 

0.82 

1.0 

0.82 

2.4 

0.91 

1 .0 

0.91 

4.8 

0.74 

0.97 

0.72 

2.5 

0.69 

1.0 

0.69 

5.0 

0.63 

1.00 

0.63 

2.6 

0.002 

1.0 

0.002 

' 

i 

5.2 

0,  3d 

0.98 

0.37 

2.8 

0.001 

0.8 

0.001  j 

j  5.4 

0.12 

1.00 

0.12 

3.0 

0.4 

1  .0 

0.4  | 

j 

|  5.6 

1 

0.002 

1.00 

0.002 

3.2 

0.67 

1.0 

0.67  j 

l 

t 

< 

i 

3.4 

0.88 

1.0 

1 

0.99  1 

i 

•  Reference  Kruse  et  si.  (1962),  Hudson  (1969) 

•  Conditions  of  the  experiment  21’C,  54T  RH  (2.3  mn  preclplteble 
water  vapor) . 

•  Table  la  baaed  mi  2  «n  water  vapor  and  200  a  path  length  for  CO^ 
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4.5.1  Analysis  of  a  Specific  Spectral  Scan 

Figure  4.7  shows  the  radiation  spectrum  measured  in  scan  #56  at 
about  20  seconds  after  the  ignition  of  the  spill.*  Thu  motion  pictun' 
records  of  the  experiment  and  the  radiometer  data  (see  Chapter  5)  indi¬ 
cate  that  at  20  seconds  after  ignition,  the  burning  Is  "intense"  and 
quasi  steady. 

The  figure  clearly  shows  the  atmospheric  absorption  of  the  radiation 
by  the  1.87  „ro  and  7.7  ,.r.  water  hands  and  hy  the  4.3  urn  C02  hand.  The 
flame  has  no  resemblance,  spectrally,  to  a  black  or  grey  body  emitter. 

This  is  not  merely  due  to  the  atmospheric  and  other  absorption  spectra 
superimposed  on  it  hut  chiefly  duo  to  the  fact  that  a  very  large  part  ot 
the  radiation  originates  from  gaseous  species,  chiefly  HjO  and  COj*  The 
remainder  of  the  total  emission  comes  from  luminous  moot  particles.  Fven 
the  latter  will  not  necessarily  emit  as  an  isothermal  black  body  radiator 
because  the  outer  layers  of  the  flame  will  be  at  different  temperatures 
than  the  inner  ones.  The  soot  particles,  in  general,  are  much  smaller 
(1000  A 5 )  than  the  wave  lengths  cot  te»j>uuuiri£  to  the  peak  emission  inten¬ 
sity  of  a  black  body  in  the  temperature  range  of  1300  K-  1500  K  (2.3  wm  - 
1.9  cm)  .  Therefore,  wave  length  dependent  effects  and  the  non-uniform 
temperature  effects  can  be  expected  to  influence  the  emission  from  opti¬ 
cally  thin  luminous  soot  layers.  In  particular,  peculiar  spectral  bright¬ 
ness  changes  for  the  particular  wave  length  can  be  expected  toward  the 
limb  of  the  flame  in  contrast  to  a  uniform  Lambertian  radiator.  A  Lamb¬ 
ertian  radiator  is  one  in  which  radiance  falls  off  strictly  with  the  cosine 
of  the  angle  of  emission  witli  respect  to  the  direction  of  view. 

Our  analysis  of  the  spectrum  shown  in  Figure  4.7  indicates  the 
f  o 1  lowing : 


The  full-scale  value  of  the  ordinate  in  the  figure  is  equal  to  an 
apparent  flame  intensity  of  2000  kW/Sr  urn.  To  get  the  actual  radi¬ 
ance  at  any  wave  length,  the  meaeured  radiance  has  to  be  divided  by 
the  transmissivity  of  the  atmosphere. 
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1  *>_-  1 .  /  •>  pm 

The  1  lac  upectiui..  I:ul*i  niu  It  '.his  regii.i  in  pr.batly  d  re  to  t'.< 
niine  in  the  Instrument.  Th^s  1.  bIno  apparent  in  the  cn  >  1  brat  i  o:t .  us 
can  be  seen  in  Figure  4.4.  however,  the  mean  level  of  the  noise  run  he 
interpreted  an  due  *.o  soot  cnisslon. 

1.7b  -  1  j.J 

This  region  la  dominated  bv  the  1.47  uir  var.-r  (and  some  CO  r< ) 
sorption  band.  Tire  sluipe  of  tne  spec  t  run.  ay  ret-  .  with  known  atmospheric 
spectra,  but  not  with  the  .ttranspher lc  absorption  tables  itidlcated  by 

tludaon  (1969).  According  to  Plasn  In  l.k.  Handbook  (Kef.  Wolfe,  196b), 

* 

the  equivalent  total  absorption  bandwidth  at  1.8/  pa  is  0,12  pm.  In 
fact,  it  ia  seen  from  the  data  tnat  the  totally  absorbed  band  has  a  width 
about  this  value. 

2.0  -  2.6  i.c 

Since  most  of  the  water  vapor  and  CO^  emissions  from  the  flame  are 
absorbed  by  the  same  species  In  the  atmosphere  before  reaching  the  spec¬ 
trometer,  moat  of  the  spectral  record  obtained  (Figure  4.7)  can  be  inter¬ 
preted  as  Indicating  the  luminous  soot  emission  modified  bv  atmospheric 
absorption.  Tire  most  probable  soot  emission  Is  Indicated  in  Figure  4.7. 
The  peak  spectral  Intensity  due  to  soot  emission  Is  probably  within  the 
2  us  to  2.)  •,«  wave  lengths.  It  is  seen  that  the  soot  Is  assumed  to 
be  a  grev  emitter.  Its  t erape i at  ore  is  between  1450  K  and  12b0  K.  The  ab¬ 
sorption  between  2.2  -  2.b  ijn  Is  prob.iblv  caused  by  hydrocarbons  (butane, 
propane,  ethane,  and  methane)  at  an  Intermediate  temperature.  Considering 
the  probable  soot  line  Indicated  In  Figure  4.7,  and  the  actually  observed 
spectrum.  It  is  seen  that  the  minimum  transmission  is  about  707.  through 
the  atmosphere.  This  occurs  at  2.15  pm  at  the  above  wave  length.  There¬ 
fore,  If  the  absorption  were  due  to  low  concentration,  cold  hydrocarbon 
gases  one  would  see  more  line  structure  than  lias  been  observed.  It  can, 
therefore,  be  Inferred  that  what  Is  observed  Is  due  to  hot  (<  1300  K) 
relatively  high  concentration  gases,  which  mav  be  optically  thick.  We 
are  unable  to  explain  where  these  gases  mav  be  located  in  the  flame. 


For  the  amount  of  preclpltable  water  vapor  (2.3  imn)  contained  on  the 
day  of  the  experiment  between  the  flame  and  spectrometer. 
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2.6  -  4,3  ya 


This  region  Is  dominated  by  the  total  absorption  uatei  vapor  hand  't 
2.7  Vim.  As  can  be  seen  from  Table  4.2a,  the  total  absorption  bandwidth, 
ia  about  0.5  ym,  (for  2  nun  water).  Hence,  one  expects  the  "well"  to 
occur  between  2.46  ytn  through  2.96  pm.  The  actual  Iv  ohsorved  "well"  in 
only  between  2.55  urn  -  2.76  urn.  The  spikes  of  emission  seen  on  both 
sides  of  the  absorption  hand  at  2.7  pm  are  the  partially  absorbed  hot 
water  vapor  emissions  from  the  flame.  These  penetrate  through  the  ab¬ 
sorption  band  spectrum  of  cold  water  vapor  in  the  air  to  some  degree 
because  the  spectral  line  positions  for  hot  and  cold  water  vapors  do 
not  precisely  coincide. 

Sharp  methane  lines  at  1.2  and  1.  '  ;.m  are  probably  o'  atmospheric 
origin  rather  than  due  to  methane  vapors  generated  hy  ]N<;  vaporization. 
Also  noticed  Is  a  broad  absorption  band  between  1.2  and  4  .m.  The  ab¬ 
sorption  in  the  1.2  -  1.6  ,.m  can  he  identifto!  as  due  to  Intermediate 
temperatures,  high  concentration  opt  leal lv  thick  hydrocarbons.  The  hands 
are  nearly  "bottomed"  and  no  line  structure  K  present.  it  is  possible 
that  the  cot  radiation  in  this  region  lr.  almost  completely  absorbed  and 
-•bat  we  are  seeing  1*  the  emission  (ton  warm  liv.lte(  .irHcn  (propane,  ethane, 
and  butane)  gases  that  at  e  'plica',  lv  thick. 

The  region  between  ). 6  -  ,  pm  Is  very  Interest  lug  In  that  it  ex¬ 

hibit*  no  line  structure  at  all  (note  the  «pe<tial  resolution  It  7.7  cm  ^ 

_  t 

rr  1.12  x  1  <J  ,.m).  Also,  the  t  r.vistni  ss  1  .•!  t  v  for  soot  lactation  seems  to 

(it  abc  it  sOs.  lots  absorption  ro,  - 1  •>  •  due  to  cold  h yurm  ,i  i  bon  gases 
ioasibly  an  the  o  it  ■  1  .’••  the  '■  !  >m* •. 

Flnall  •,  In  'his  je,i.,t,  the  nt  on.  .u~e  ed  nine  •.pike"  is  noticeable 
at  4.16  pit,.  This  Is  due  ■'  ’-o*  ■.  i(  imlsslon  lines  not  occupied  by  cold, 
atme-ipher  lc  ,  roi  absorption  i  me.. 

4_.__3  - _ 5 . 5  (i® 

The  strongest  CO^  emis;  .  >n  and  absorption  ban’s  are  centered  around 
4,3  pm.  The  M>e,  lr.il  ha.  d  .e-so  .  at  ed  will,  the  at  i,  os;  her  K  (.0.,  absorbs 
much  of  tile  er.er.v  eml  t  t  ■  .i  •  y  h  •(  (■*.  d  in  jt)  the  flame.  However,  a* 
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Indicated  in  TaV.  4,2h  rh.-  handwi  ith  fot  t  nt  .1 1  ah-.  .- .  1. 1  .1.  ior  a  ’if'  rr 
path  throv.gi-.  the  atmosphere  is  lhout  ().2‘  <m,  Hem-'  ,  env  CO  imtusio.i 

f roa  tha  flame  in  the  4.1b  inn  -  s.42  urn  should  he  absorbed  completely, 
as  la  Indeed  noticed  lr  the  tpectral  record  shown  in  Figure  4.7.  The 
total  bandwidth  for  CO^  emission  from  the  flame  at  4.3  um  Is  dependent 
on  the  f lane  temperature  and  the  partial  pressure  -  beam  length  prodmt. 
Neither  of  these  quantities  was,  however,  measurer  Hut  it  cu.t  ho  st..l«-J 
qualitatively,  tha.  the  emission  bandwidth  at  t!,nn«  t  ewpci  at  ure  is 
much  larger  than  the  atrrosnher l«.  absorptive  uandwf  ,it  h  Ht.ue,  bumc  01 
tha  CO  ^  emission  will  get  through.  This  is  indc. d  i.bi.t.rved  wltti  a  peak 
recorded  at  4.6  u®.  The  thertaal  emission  specrriiu,  f n>n  the  vibrational 
band  of  hot  CO^  is  distorted  cons iderablv  uy  water  vapor  In  the  atmo¬ 
sphere,  beyond  about  4.5  is.  The  region  between  4.5  and  5  urn  Is  commonly 
referred  to  as  the  "red  snlke”  and  Is  seen  In  nanv  other  atmospheric 
measurements. 

At  about  4.6  um  the  atmosphere  is  relatively  transparent.  For  the 

spectrometer  distance,  the  atmospheric  transmissivity  Is  0.82  (see  Table 

4.3).  The  apparent  spectral  radiance  at  the  above  wave  length  Is  7.25 

2 

kW/m  ar  um,  which  corresponds  to  s  black  body  temperature  of  1425  K. 
Accounting  for  the  atmospheric  absorption,  the  flame  spectral  Intensity 
at  4.6  um  la  8.83  kW/m*  nr  um  which  corresponds  to  a  black  body  of 
1550  K.  The  true  temperature  of  the  flaw,  is  of  course,  greater  than 
this  temperature  if  the  spectral  cmlaaivlty  of  the  CO.  at  4 .  f.  um  Is 
less  than  unity.  This  calculation  seems  to  Indicate  that  the  vibrational 
hand  emission  of  CO^  Is  in  equilibrium  with  the  thermal  motions  of  the 
s-laculss  lr,  the  flame.  As  such,  assigning  a  "temperature"  to  the  flame 
Is  valid.  This  aspect  Is  covered  In  the  Discussion  Section. 

From  4,7  um,  a  Btrong  water  absorption  hand  with  a  resolved  line 
spectrum  begins.  The  atmosphere  becomes  completely  opaque  at  about  5.5  um. 
According  to  Plass  (Wolfe,  1965)  this  water  band  is  atrong  enough  to  be 
opaque  even  at  water  concentrations  much  below  1  mm  of  prccipitable 
water.  Radiation  In  this  wave  length  range  will  be  absorbed  completely 
in  tens  of  meters  rather  than  hundreds  of  meters. 
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5.5  urn  -  25  urn 


No  spectral  data  were  measured  in  regions  beyond  5.5  pm.  In  Figure 
4.8  the  percent  of  total  black  body  energy  emitted  within  a  given  wave 
length  is  plotted  as  a  function  of  the  wave  length  with  temperature  as  a 
parameter.  It  is  seen  frotn  this  figure  that  the  fraction  of  total  energy 
in  wave  lengths  beyond  5.5  .-m  ranges  from  about  261  at  1100  K  to  about  14X 
at  1500  K.  The  atmosphere  is  practically  opaque  (water  absorbt lo.  band) 

In  the  entire  region  5.4  nm  thtough  ’.4  ;m  (Wolfe,  1455).  The  second  impor¬ 
tant  absorption  band  is  one  due  to  CO.,  at  15  -,j m .  For  a  300  m  path  through 
the  atmosphere  the  complete  absorption  bandwidth  centered  at  15  pm  is  about 
1.5  um  (from  14  to  15.5).  Finally,  there  Is  a  significant  H.,0  absorption 
between  20  ;.m  an!  23  ,.m  with  total  absorption  bevond  -'3  ,.m. 

4,5.2 _ Chnnjjot.  i  ii  Spectral  '.'.it  a  with  Burn  Tine 

A  review  of  the  twelve  spectral  records  (given  in  Appendix  i>)  taken 
at  5  second  Intervals  starting  from  about  5  seconds  after  ignition  of  the 
LNC.  pool  indicates  the  following  features' 

1.  The  CO,  emission  in  the  4.3  ;t.-,  band  dominates  the  emission  in 

the  earlv  stages.  As  much  as  45t  of  total  energv  received  bv 
the  spectrometer  is  accounted  (or  bv  t lie  Co.,  band. 

2.  The  soot  emission  gradually  iucteases  and  dominates  towards  the 

end  of  the  tire  lit*  .  This  r..iv  be  due  to  the  Increased  luminous 
soot  formation  bv  tin  •  or.hu  st  Ion  of  propane  ,  bn  t  at'o  , ,  and  ethane 
during  the  final  stages  of  t  h<  file.  In  l  ui*.  test,  the  I.NC 

was  about  7  >2  rr.i  thane.  i  ^7.  e'h.me,  and  p»  p.:t'’. 

3.  The  strong  h  apt  inn  bind’--  in*  t'  .It.  i  te;  la\<r  of  hvdro- 
carbons,  seen  in  e  rlv  spectral  tecotds.  disappear  tompletely 
during  the  last  }  r>  second-.  <'!  burning.  The  first  to  disappear 
Is  propane  -  nut  am-  nhsoipt  i an  at  about  15  seconds  before  the 
end,  followed  by  that  of  t’1  latte,  '•  seconds  later. 


FIGURE  4.8-.  PERCENT  OF  TOTAL  BLACK  BODY  ENERGY  PELOW  /■  GIVES 
WAVE  LENGTH  VS.  THE  WAVE  LENGTH 


To  compare  the  relative  importance  of  CO.,  omission  and  luminous  soot 
emission  received  by  the  spectrometer,  their  ratio  is  plotted  versus  burn 
time.  This  is  shown  in  Figure  4.  9.  The  area  under  the  measured  spectral 

curve  between  1.5  and  4  pm  is  assumed  to  represent  the  radiance  due  to 

* 

soot.  The  area  under  the  spectral  curve  beyond  4  im  is  assumed  to  be 
due  to  CO^.  It  1 s  seen  that  the  CO,  emission  relative  to  that  of  soot 
Increases  up  to  about  30  seconds;  subsequent ly  ('<1^  emission  is  lower 
compared  to  that  of  soot.  Also  observed  is  a  sudden  lump  in  the  spectral 
intensity  of  the  soot,  by  almost  SO*,  between  scan  *8  i  (at  35  seconds  Into 
the  burn)  and  scan  #9.’  (at  40  seconds).  The  visible  ;  lame  in  the  motion 
pictures  do  not  exhibit  anv  noticeable  differences  between  .15  s  and  40  a. 

One  possible  explan.it  ion  ter  such  a  sudden  Increase  In  luminous 
soot  emission  could  be  the  burning  of  Increased  quantities  of  ethane 
and  propane.  It  has  been  found  in  other  experiments  in  the  laboratory 
(Valencia  and  Reid,  1979)  that  during  the  boiling  of  INC  on  water,  the 
rate  at  which  different  fractions  evaporate  changes  drastically.  Ini¬ 
tially  methane  ev.ipci  at  •  pt  >•  t  >•  rent  1  a  11  v  .  \ft*r  a  >crtaitt  duration  of 
time,  the  methane  fruitier.  In  the  ,•  igiu  d.u  r.-.o-.-s  !  i  ant  i  a  1  1  \  ,  and  there 
is  a  sudden  increase  in  ethane  ' t a.  t  ion.  Similarly  i‘tcr  most  of  the 
ethane  is  evapoi  a  t  ,  the  't  op. me  1  i  ,i:  t  !■  wipes  ice.  lhi«  phenomenon  ol 
preferential  ev,ip<  r.v,  Ion  •.hould  also  be  ociuriinp  in  the  case  ol  the  pool 
of  l.Ntl  on  :  ire . 

4 .  j_._3 _ fist  jurat  lots  d_Jsoot  Temper  at  ur_e  and  f.miss  1  v  1 1  v 

F.xcept  for  the  •')  '.and  «>r.i  ••.•»!•>:>  it  4.3  r  .  t  he  refit  of  the  energy 
received  hv  the  spectrometer  can  be  construed  l"  he  due  to  the  luminous 
soot  emission  modified  ;>'•  t  atm  •stdie  1 1  c  absorption.  The  water  vapor 
emlssiius  from  the  flame  are  almost  completely  a'lsorbed  In  the  atmo¬ 
sphere.  The  inspection  ,t  scan  S(.  spectral  retard  (shown  in  Figure  4.7) 
doon  not  give  direct  information  n  the  sont  c.  mil  t  ions.  It  Is  difficult 


* 

The  choice  of  4  ;  u  1b  somewhat  arhlttarv,  However,  since  the  purpose 
of  figure  la  to  lllustt  .to  the  relative  strengths  of  Boot  and  CO., 
emission,  thin  arbitrariness  i«  not  expected  t(  affect  the  conclu¬ 
sions. 


to  aatloate  the  magnitude  of  maximum  spectral  Intensity  from  the  soot  as 
well  as  the  location  of  this  maximum.  We  have,  therefore,  tried  to  fit 
the  observed  eoot  radiation  hy  comparing  it  with  Rrey  body  emitters  of 
different  temperatures.  In  Table  4.4  are  shown  the  assumed  soot  temn-ra- 
ture,  the  wave  length  at  which  spectral  intensity  is  a  maximum,  the  mag¬ 
nitude  of  maximum  spectra)  intensity  of  a  black  body,  and  t lie  eBtiraatod 
•oot  euiissl vlty.  In  Figure  4.10  the  comparison  between  the  emission 
from  Rrey  bodies  at  different  temperatures  and  the  observed  soot  spec¬ 
tral  radiance  arc  compared.  The  theoretit.il  curves  are  all  normalized 
with  respect  10  maximum  sped  ml  intensity.  These  curves  are  generated 
bv  the  Planck  cun. it  ion  (so  ••  .  quatloii  i,  Apm-ndt*  A;. 

As  can  be  aeon  t rum  Hgure  4.10,  the  luminous  soot  temperature  cannot 
be  estimated  very  precisely.  Our  estimating  technique  is  based  or  noting 
the  wave  length  at  which  we  think  the  peak  Intensity  i rom  soot  is  located 
and  comparing  this  with  the  wave  length  at  which  maximum  intensity  occurs 
tor  a  theoretical  grev  bodv  emission.  We  recognize  the  difficulty  in 
this  judgmental  procedure  and  also  the  fact  that  ,u  monpht-r  1  c  absorptivity 
is  not  a  constant  over  the  wave  length  region  of  interest.  However, 
rucognlzinR  the  above  uncertainty,  it  i  an  be  argued  that  the  luminous  soot 
temperature  la  between  13  io  and  la'JO  K.  From  Table  4.4  we  see  that  the 
calculated  luminous  soot  emissivity  in  this  temperature  range  varies  bevween 
0.28  and  0.19,  respectively.  In  this  calculation,  it  is  assumed  that  the 
value  of  peak  spectral  radiance  oh  erved  in  the  luminous  soot  emission  Is 
4.27  kW/m^  nr  ..bo 

The  above  values  for  the  luminous  soot  cmlssivit  ier;  are  somewhat 
greater  than  the  value  of  0.1  suggested  * v  Hot  tel  and  Sarofim  (19(,7,  p. 

247)  to  account  for  luminous  soot  emlssivitlrs  in  methane  gas  fired  fur¬ 
naces.  It  is  possible  th.f  In  diffusion  flumes  In  the  open,  a  larger 
fraction  of  the  fuel  forms  soot,  hence  higher  s  'ot  eoios  ivit  ies . 

The  soot  emlssivlty  indicated  in  Table  4 . 4  refers  to  the  value 
at  peak  tadiarce  t  o  rrespor.d  ing  to  the  temperature  chosen.  It  is,  how¬ 
ever,  known  tor  hvdroca i hm  fires  that  the  soot  emisslvity  does  change 
with  wave  length  (Burgess  and  Hertzherg,  1974).  The  spectral  emissivity 


4-74 


TABLE  4.4:  ESTIMATION'  OF  SOOT  TEMPERATURE  AXP  SOOT  EMI  SSI  vm 


of  eoo t  varlti.  aa 


K 

■  .  800 1 


X 


-0.  77 


(4.1) 


if  this  relationship  la  applicable,  then  the  spectral  emiasivity  of  tb< 
soot  (in  scan  #36)  at  a  wave  length  of  5.5  pm,  *>td  flame  temperature  of 
1400  K  will  he  0.09  instead  of  0.19  as  indicated  in  Table  4.4. 

The  varl  tier,  of  estimated  soot  emlsHvftv  with  burn  time  is-,  given  in 
Table  4.5  for  (assumed)  different  flame  temperatures.  It  is  interesting 
to  note  that  the  aoot  emlssivltv  Increases  time.  This  may  be  a  re¬ 

sult  of  the  burning  of  higher  hvdrocarbon  fraction*  such  ns  ethane, 
propane,  and  butane.  tThe  variation  In  the  spectral  characteristics 
with  t ime  was  discussed  in  Section  4.5.2.)  This  observation  of  Increased 
radiation  from  the  flame  with  time  le  also  Indicated  by  the  narrow  angle 
radiometer  data  (sse  Chapter  5,  Figure  5.17),  We  note,  however,  that  both 
f uatrumentfi  were  looking  at  the  lower  sections  of  the  flame  where  sig¬ 
nificant  Boot  formation  may  not  occur,  compared  to  the  middle  and  top 
sections  of  the  flame  which  may  have  relatively  high  aoot  concent  rat  Iona . 

4.5.4  Estimation  of  Flame  Emissive  Power 

The  estimated  field  of  view  of  the  spectrometer  and  the  portion  of 
the  I. NO  t laac  in  the  field  of  view  are  shown  In  Figure  4.5.  It  is  not 
certain  an  to  how  much  of  the  reflection  of  the  flame  in  the  pond  water 
was  "seen"  by  the  spectrometer.  It  la  conceivable  that  the  lower  half  of 
the  field  of  view  Intersected  some  land  also.  Because  of  these  uncer¬ 
tainties  the  exact  area  of  the  flame  (emitting  radiation)  seen  by  the 
spectrometer  cannot  be  ascertained.  For  the  purposes  of  evaluating  the 
flame  emissive  power  we  assume  that  only  that  part  of  the  flame  area  shove 

the  water  surface  seen  by  the  spectrometer  radiates  the  energy  intercepted 

by  the  spectrometer.  Hence,  the  radiating  area  of  the  flame  (Af)  Is 
IT  B  X  16.4  n  -v  213  m2. 

The  flame  emissive  power  (F.)  is  now  calculated  using  the  equation: 


x-0 
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TABLE  4.  5 


VARIATION  OF  ESTIMATE  SOOT  EMISSIVITY  WITH  TIME 
FOR  DIFFERENT  ASSUMED  FLAME  TEMPERATURES 


Assumed 

Flame 

Temperature 

00 

Scot  F-olHulvlry  (t 

Scan  #47 

(15  h  after  burn)  (20 

)  Obtained  from 

Scan  #  56 
a  after  burn) 

Spectral  Scan a 

Scan  #  92* 

(40  a  after  burn) 

1200 

O.  30 

0.42 

0.58 

1300 

O.  20 

0.  28 

0.  34 

1400 

0.  14 

0.14 

0.27 

1500 

O.  10 

O.  14 

0.19 

1600 

0.  07 

0.10 

0.14 

*  The  spectrum  does  not  change  significantly  tu'lwni  that  at  20  h  (Scan 
#56)  and  that  at  IS  s  (Scan  *69), 


Where  Is  the  ape  Cral  tritons*  ty  tm aai.rod  by  the  spec L  i  onet  cr  (kW/sr  wta) 
at  wave  length  X  (,.m)  ,  and  ;  the  to:al  atmospheric  t ransniasi vl ty  between 
the  f  1  sate  and  the  spectrometer. 

In  applying  equation  <>.2  to  the  measured  spectrometer  data  we  recogniee 
two  problems.  The  firat  lu  the  fact  that  spectral  data  are  available  only 
in  tha  1.5  -  5.5  in  wave  length  range.  Therefore,  any  estimate  of  the 
amlaalve  power  la  probablv  lower  hy  about  251  when  t ompared  to  the  actual 
emiealva  power  (see  Figure  4.8).  The  second  and  perhnp-  the  more  aerloua 
problem  ie  the  total  absorption  of  water  band  emissions  (1.87,  2.7  pm)  and 
the  partial  absorpt  ion  ot  CO,  emission  (4.  1  ;,o)  .  Mure  the  energy  received 
by  tha  lnatruatent  in  these  band*  Is  essentially  zero  and  since  the  atmos¬ 
pheric  transmissivity  for  the  path  lenRth  to  the  spectrometer  is  also  rero, 
the  Integrand  In  equation  4.2  becomes  indeterminate  at  the  above  bands . 

Tha  physical  mean inR  of  this  result  is  thst  _the_  actual  emission  Intensities 
in  these  bands  cannot  be  est lasted  using  the  spectrometer  data. 

4.5.4. 1  Apparent  Emissive  Power  of  the  Flame 


For  purposes  of  Illustration  and  to 
calculated  from  raotometer  data,  we  have 

emissive  power  using  the  formula: 

'5.5  pm 


J1 


V* 


apparent 


compare  with  the  emissive  power 
estimated  the  "apparent"  flame 


(4.3) 


where  tha  Integral  represents  the  area  under  the  apparent  intensity  -  wave 
length  curve  (measured  In  the  experiment)  shown  in  Figure  4.7,  The  term 
t  represents  the  mean  atmospheric  transmissivity  excluding  the  1.87,  2.7, 
and  4,3  urn  bands . 


For  the  apectral  data  of  scan  #58,  the  total  area  under  the  spectral 
curve  ie  equal  to  1820  kW/sr.  Therefore, 


Apparent  radiance  of  the 

fire*  (baaed  on  energy  ]H?n  , 

received  by  the  spec-  *  }  ”  8.55  kW/iv  sr  (4.4a) 

tr  ;«wter)  . 


*  radiance  »  emissive  power  in  a  unit  solid  angle. 
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Apparent  emissive  power 


F.  ■  (corrected  for  absorption 
in  the  atmosphere  not  in¬ 
cluding  H  O  and  C.op* 


8 .  r>5  x  a 
0.75 


15.8  kW/m" 

(A . 4b) 


A. 5. 4. 2  True  Km 1 salve  Power 


Tlaj  true  emissive  power  of  that  part  of  the  fire  seen  by  t  l»o  spectro¬ 
meter  may  be  estimated  from  the  information  contained  in  the  4.3  mb  CO^ 
band.  The  calculation  is  based  on  the  principle  of  estimating  the  par¬ 
tial  pressure  path  length  product  (pi)  foi  C07  in  the  flame  using  the 
observed  emission.  This  involves  calculating  the  energy  in  the  4.) 
cm  band  emission  absorbed  by  the  intervening  atmosphere,  adding  this  ab¬ 
sorption  to  the  measured  (received)  energy  and  then  estimating  the  mag¬ 
nitude  of  emission  from  the  flame  in  the  above  band.  The  band  etrlssi- 
vity  is  then  calculated  for  the  assumed  flame  temperature  and  hence 

the  (pi.),.,.  can  be  estimated.  Once  this  it-  done,  the  (pi.)  ,  and 

Iwl  nT'* 

total  emlnslvlties  of  t’O  and  H.,0  can  he  obtained  from  Hottcl’s  charts 
(Hottel  and  Saroftm,  )fifc7).  With  estimated  values  of  soot  emluslvlty 
(Tables  4.4  and  4,vj  t  is*  t  rut-  emissive  power  o'.  the  I  lame  Is  calculated. 


The  calculation  of  Ci’.,  partial  pressure  in  the  t  lame  from  the  known 
4.3  i.m  hand  energy  received  and  the  assumed  flame  temperature  Is  tedious. 
The  calculation  procedure  la  Illustrated  in  part  1  of  Appendix  8.  The 
calculation  methodology  Is  in  part  an  inverse  procedure  to  that  developed 
bv  Kdvardn  and  Bn  1  akr  lshrwin  (I9'3)  for  estimating  total  emlsnivltles 
of  gases  from  known  (pi.)  values  for  individual  species  and  the  temperature 
of  gases.  Tfu  uncertainties  In  the  calculation  and  the  sensitivity  of 
the  result  to  certain  pm  twterH  are  sIbo  discussed  in  that  appendix. 


The  conclusion  from  the  calculation  indicated  in  part  1  of  Appendix 
B  is  that  the  flame  temperature  should  he  assumed  to  be  1500  K  and  the 
correspond  lug  partial  pressure  of  CO^  in  the  flame  should  he  assumed 


This  value  Is  obtained  by  averaging  the  atmospheric  transmission 
curve  indicated  In  Figure  4.7.  Note,  however,  the  bands  1.87,  2.7, 
and  4.3  are  not  included  in  the  «vi  t  iRing  pioceas. 
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* 

to  he  0.094  uta  (hff  diitcna*  lowc  In  pai  '  I,  ,  Pl>ti:ilix  U)  . 

Batted  on  die  above  ic-aul’  and  invoking  the  relationship  that  the 
partial  pressure  of  H.  o  is  twice  the  partial  pressure  of  C0^  In  the  com¬ 
bustion  of  mtihaue,  we  ,ui  vv  c.  t  lasted  the  emissive  power  of  the  flame. 
The  result  la  obtained  by  using  the  emlBslvity  charts  of  Hot  tel  and 

Saroflm  (1967)  and  is  1  llusi r.itcd  lti  Table  4.6.  The  ecilssl  on  per  unit 

2 

nominal  area  of  ihe  f  ame  is  >«l.>.iatui  to  he  17 j  kk/«  .  This  value 

2 

to  be  compared  with  the  app.iii  it  cultmlvi  ol  1.  kV/w*  obtulned 

earlier. 

The  above  two  toimbers  fndiente  the  1  repot r on< e  of  the  absorption 
by  the  water  vapor  CO.,  and  other  gases  In  the  atrsesphere.  Calculations 
bases  on  the  methods  of  Edwards  and  Ralnkrishnan  (1973)  give  for  the 
atmospheric  absorptivity  over  236  m  distance  a  value  of  0.285.  Using 
Hottel  charts,  this  number  is  0.33.  Therefore,  the  apparent  flame  radi¬ 
ance  as  measured  by  the  spectrometer  should  he: 


Apparent 

radiance 


-  (F.b/«)  x  |.CfH  ♦  ts  - 


atm 


-  (.—  ■)  [(0.35  ♦  0.19  -  0.07)  +  0.14  -  0.33] 


«  .’5.6  kW/m*  sr 

Baaed  on  the  Integration  o!  spectral  data,  the  apparent  radiance  is 
2 

8.55  kW/m^  sr  (se<  equation  4.4a).  We  are  unable  to  explain  this  signifi¬ 
cant  dtjerepanoy .  Absorption  by  atmospheric  gases  other  than  water  vapor 
and  COj  mav  at  count  for  considerable  absotptlon  over  the  236  m  path  length.** 
However,  the  magnitude  of  the  absorption  seems  to  Inexplicably  large. 

The  partial  pressure  values  used  for  the  CO^  and  H^O  are  their 
stoichiometric  values  for  the  combustion  of  methane  in  air.  In  reality, 
these  partial  pressures  ia.iv  be  lens  than  the  stoichiometric  values  due  to 


*  This  la  equal  to  the  value  of  CO,  partial  pressure  corresponding  to 
a  stoichiometric  combustion  of  methane  in  air. 

**  It  haa  been  suggested  that  the  steam  produced  by  the  evaporation  from 
the  pond  water  surface  (due  to  radiant  heat  from  the  fire)  may  account 
tor  additional  absorption.  This  hypothesis  is  unacceptable  because  (1) 
the  steam  produced  would  be  sucked  Into  the  fire  and  (11)  radiometer 
readings  were  not  affect,  d  a  1  gn  1 f li  ant ly  . 
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the  correction  for  <*'  ,  and  >?  .1'  hand  overlap 


excess  air  enlraimuvct .  Since  no  ll.-evt  tu-aiu-roui  ut.-,  vcn-  c.ide  of  the 
CO,  and  h,0  I'untei  ’  with  In  the  t)  i  e  .  li  Is,  wi  ;  •t.s'.ti  •  i  1  valtiato 
whether  the  as  -  .imp :  i .  n  of  at  o  ‘  ■  h  1.  mot  r  1  c  v.i'ues  iiru  ‘  .iff  t  •'  1  zil.  ,  e .  Il.iwevtr, 
this  assumption  leads  to  rhe  maxi  am  cuts* 1 v i t ios  for  the  species  f..r  a 
given  optical  path  length  through  the  fire  a..d  tie.ice  taa>  he  a  .  onsorvut  i  v«* 
assumption. 

The  resultB  from  tin  spectra!  calculus  ions  o:i  •  edict Ing  the  f  1  ame 
temperature  and  i'n ,  -  » r  t  l  i’  pic:.;  ire  are  applied  to  ^eulitlng  the  vain. 

"f  the  radiant  flux  at  the  lin.uien  of  one  of  Mic  vi  dt  -  angl  e  i adlomc t era  . 

These  calculations  are  indr  a!ed  in  pa:  t  J  oi  Appendix  b. 

4.5.5  Comparison  with  Other  l.NG  flame  Spectra 

A  review  oi  the  literature  Indicated  that  except  for  the  AGA  test  data 
(AGA,  1974)  no  spectra  have  been  published  for  methane-air  d if f uslon  flames. 
The  AGA  test  data  were  obtained  lot  l.NG  fires  on  land;  the  fire  diameters 

were  1.8  d  (8  ft),  6  o  (20  It),  and  24  m  (HO  ft).  A  relatively  slow 

scanning  grating  spectrometer  was  used  in  these  exper lment » .  Hence,  the 
spectra  measured  were  severely  aliectcd  by  intensity  fluctuations  in  the 
f laoe . 

A  comparison  of  the  flame  radiation  spectrum  measured  In  the  current 
sei  les  nt  NVC  and  those  obtained  in  the  AGA  test-.  Is  shnvn  fn  Figure  4.11. 
The  KWC  rt.it*  la  from  scan  #56,  corresponding  to  about  20  a  after  ignition. 
The  AGA  data  plotted  arc  the  ones  from  the  1  ■ g  ^  dlameiir  lest  (A  .A  test 
l,NG  023)  and  >'  tr  diameter  test  (AGA  te't  #  l-VG  i'29).  The  spectrum 
fr'm  the  74  tr  diameter  tost  is  not  given  In  Figure  4.11  because  valid  data 
-.•ere  not  obtained.*  In  the  AGA  021  test,  the  spectrometer  v.n  located  sbout 
14  m  from  the  center  of  the  dike  and  had  a  23*  (full  cone)  .ingle  view  of 
the  flame.  The  mean  flame  height  was  about  3.7  m.  The  field  of  view  was 
not  filled  by  the  flame  -  on  the  contrary,  the  entire  flame  was  visible 
within  the  field  of  view.  In  the  AGA  029  test,  the  spectrometer  was  16.5  m 
firm  the  center  of  the  dike  and  had  a  25°  (full  cone)  angle  view.  The  mean 
flame  height  was  about  16.75  m.  The  field  of  view  probablv  covered  the 
entire  height  of  the  flame. 

The  ordinate  shown  in  Figure  4.11  1b  in  the  units  of  flame  spectral 
radiance  (kW/sT  sr  .a) .  The  snectral  data  in  the  AGA  report  (1974)  are 

*  In  the  '4  tr  experiment,  premature  ignition  occurred  and  the  spill  truck 
tires  burned  producing  a  verv  dark,  sooty  flame. 
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,,Ul)  t  1.1 


,  '  LOT. 


Indicated  1  it  rb»  units  ot  ape  n.il  Imtuidiiie  lK 
of  the  spectrometer.  These  an;  converted  to  apparent  flame 
by  using  the  foj lowing  equation: 


spec ( 1 al 


i.ii  lance 


i  (apparent  1  •  — —  (V  W/a*  ..ir  sr)  (4  .  >) 

‘  “f 

Where  X  Is  the  distance  to  tin  aped ;  ouri  <.  r  i.o  .  .  .ic  il  jroe  t <_-i  an 
Is  the  t  1  ame  pi  o  (at.  l ■■!  aie.i  been  t>y  the  «;>«•  (  l  '.k'cr. 


The  value  ot  fill  s^alc  apparent  inttnt-.iiy  in  tie  NWC  B[>ectrum  la  t'00  I 
kW/.sr  ;.ni  (atfi1  Section  4.3..’)  which  on  the  haul*  ol  1  >  tn~  of  flai.n  aie.i 
translates  to  the  spectral  radiance  of  *3.40  kU/ra*  sr  um.  All  the  plots 
shown  In  Figure  4.11  are  on  the  basis  ot  "apparent  1  flame  spectral  radiance. 
That  is,  the  correction  for  transmissivities  in  the  atmosphere  over  the 
various  distances  to  the  spectrometers  In  the  different  experiments,  have 
not  been  included.  While  tits  may  cause  Home  error  In  comparing  the  re¬ 
sults,  the  magnitude  of  the  error  Is  expected  to  be  small  because  the 
atmosphere  Is  essentially  transparent  (except  in  H^O  and  CO^  bands)  for 
the  distances  where  the  spectrometers  were  located. 

It  Is  soon  from  Figure  4.11  that  there  Ik  reasonable  agreement  between 
the  NVf  spectrum  and  the  two  AGA  spectra.  There  .ire  some  significant 
differences  also.  Die  resolution  obtained  In  the  NWC  spectrum  is  signifi¬ 
cantly  higher  than  In  the  AC.A  spectrs.  The  KWC  spectrum  (13  m  diameter  fire) 
seems  to  agree  more  closelv  with  the  AGA ,  1.8  ro  fire  spectrum  than  with  the 
AGA  n  m  fire  spectrum.  However,  the  apparent  spectral  radiance  In  the  NWC 
test  seems  to  be  higher.  If  the  atmospheric  transmissivity  effect  is  taker, 
into  account,  tne  tm\  spe  i  i  i  .t  i  i  uu  i  ant  i*  VbIuOn  will  l»o  rVvPi  hi  ghc  r  *  Thi  5 
Is  because  the  absorption  In  the  atmosphere  over  23b  m  distance  in  the  NWC 
test  would  be  much  more  than  in  AGA  tests  where  the  spectrometers  were  only 
14  rn  and  3b  m  away  respectively  from  the  1 . 8  ro  diameter  and  6  m  diameter 
fires.  Tills  Indicates  that  the  NWC  fire  was  much  more  radiative.  It  Is 
possible  that  the  higher  radiance  is  a  direct  consequence  of  the  greater 
optical  depth  In  the  13  m  fire. 


The  strong  water  band  absorption  at  2.7  pm  is  noticed  in  all  three 
spectra.  Considering  that  the  spectrometer  for  the  AGA  test  tf  023  (3.8  m 
diameter)  waa  only  14  m  away  from  flame  center,  the  water  absorption  in  this 
band  la  very  significant.  Similarly,  the  very  strong  CO,  absorption  at  4.3  urn 
is  noticed  in  all  three  spectra.  The  CC>2  emission  peak  occur.s  at  about  4.6  pm, 
in  both  NVC  and  AGA  6  m  fires.  In  the  1.8  m  fire  the  peak  in  this  bund  occurs 
at  4.5  pm.  Also  noticed  is  the  significant  differences  in  the  apparent  peak 
spectral  radiance  of  CO,  band.  Aa  explained  earlier  (see  Section  4.5.1)  the 
temperature  corresponding  to  the  observed  C02  peak  at  4.6  nm  in  the  NWC 
spectrum  la  about  1550  K.  The  peak  radiances  in  the  AGA  spectra  at  tills 
wave  length  are  almost  one  half  to  one  third  (In  the  b  m  and  1.8m  fires, 
respectively)  the  peak  in  the  NVC  Bpectrum.  The  conclusion  that  can  he 
drawn  from  thia  comparison  is  that  the  1.8  m  and  6  m  AGA  fires  wore  not 
optically  thick. 

There  are  other  important  differences  that  can  be  observed  in  the  three 
spectra.  It  ia  surprising  that  there  is  better  agreement  between  soot 
emissions  from  the  1.8  m  AGA  and  the  13  m  NVC  fires  in  the  2.8  -  4.2  urn  region 
than  between  the  6  m  AGA  and  1)  rn  NVC  fires  in  the  name  wave-length  region. 

In  thia  region,  the  6  a  fire  soot  emissions  are  not  only  consistently  higher 
but  also  there  ia  a  spike  at  3.4  j.m.  This  has  been  attributed  to  a  "possible 
hydrocarbon  emission"  (AGA  197 J,  Section  H.).  Also  noticeable  is  the  sig¬ 
nificant  difference  in  the  1.5  -  2.5  pm  region  between  the  6  tn  AGA  and  13  m 
NWC  spectra.  The  high  spectral  Intensities  indicated  In  the  AGA  results 
are  suspect.  The  leasonn  for  the  very  high  intensity  close  to  1.5  pm 
at--  r.ot  obvious  to  us.  ikie  possible  explanation  is  that  the  spectrometer 
mal  1  unct  ioned  in  t  t>e  lower  wave-length  region.  However,  It  should  be  kept 
in  mind  that  the  AGA  spectra  presented  in  the  report  (AGA,  1974)  are  the 
"sveraged-over-a-large-numbei  -of-acans"  lines.  The  fine  atructure  of  the 
spectrum  seen  in  NWC  data  is  not  available  for  the  AGA  data  because  of  the 
way  in  which  the  spectra  were  obtained  in  the  AGA  tests  by  "averaging1  data 
from  different  scans. 
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The  spool  ronetir  .mod  in  the  experiment  had  no  fore  optics.  The  use 
of  tote  optics  would  f-icuM  the  field  ot  view  on  t hi  detector  condenser 
lens,  rather  tha”.  on  the  detector  itself.  The  detector,  in  turn,  would 
image  the  exit  pupil  ot  the  fore  optics  on  tht  detector.  In  the  experi¬ 
ment  the  flame  did  not  completely  fill  the  field  of  view  of  the  spectrom¬ 
eter  tsee  Figure  4.5i.  i’nt  or  tunat  ely ,  since  rhe  fore  optics  was  not  used 
and  the  uniformity  if  sensitivity  of  the  detector  over  its  entire  area  is 
uncertain,  it  Is  possible  that  an v  minor  misalignment  of  the  spectrometer 
which  shifted  th  image  of  the  flame  in  the  field  of  view  may  contribute 
to  the  variation  of  signal  output .  We  are  unable  to  estimate  whether  the 
spectral  data  indeed  had  errors  due  to  the  above  mlaal lgnment  problems. 
However,  based  on  the  analysis  of  the  data,  it  seems  highly  unlikely  that 
such  errors  were  present  in  the  spectral  data. 

In  scanning  Hiehelson  interferometers,  a  phenomenon  called  "aliasing" 
occurs  when  (he  signal  source  fluctuates  in  intensity.  If  the  fluctuation* 
happen  at  frequencies  at  which  the  fringes  occur  In  the  scanning  interfer¬ 
ometer,  spurious  spectral  features  appear  in  the  spectrum.  The  detector 
output  frequency  and  wave  number  are  linearly  related  for  a  given  mirror 
vf  1  i'C  1 1  y  : 

f  -  :  .  v  (H/.) 

v  »  mirror  velocity  (rm/se.') 

*.  «  l/>  •  wave  number  (cm 

A  mirror  velocity  of  0.54  cm/sec  was  used  to  cover  wave  lengths  from  1.5 
to  5.5  um,  leading  to  fringe  frequencies  at  the  detector  of: 

1963  <  f  <  7200  (Hr) 

Fluctuations  in  the  flame  emission  are  principally  due  to  small  scale 
turbulent  eddies.  The  frequencies  of  these  flickers  are  slgnlf leant ly 
lower  than  the  above  aliasing  limits.  Hence,  aliasing  cannot  be  expected 
to  be  a  problem.  The  spectrometer,  however,  seems  to  have  significant 
noUc  in  the  wave  length  close  to  1.5  um.  This  can  be  clearly  seen  from  the 
calibration  curve  in  Figure  4.4.  The  results  from  other  wave  lengths  are 
accurate  because  of  the  high  scanning  speed  (0.5  a)  of  the  spectrometer. 
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Ths  single  important  feature  of  the  measured  spectra  i6  the  total 
absorption  of  the  1.87  urn,  and  2.3  um  water  bands  as  well  as  the  partial  absorp¬ 
tion  of  tha  4.3  urn  CO^  band  by  the  intervening  atmosphere.  Because  of 
this  absorption  (and  the  consequent  loss  of  vital  information)  the  true 
emission  charsccarlstica  of  the  flame  cannot  be  ascertained.  Only  lndi- 
ract  inferences  csn  be  drivn  using  the  available  record.  Such  an  indirect 
approach  has  baen  utilized  to  brscket  the  soot  temperature  in  the  flame. 

Soot  temperature  ia  estimated  to  be  between  1300  K  and  1300  K.  More  pre¬ 
cise  evaluation  cannot  be  made  because  of  the  relative  insenait ivlty  of 
the  wave  length  for  maximum  Intensity  (see  Table  4.4)  with  temperature. 

Also  it  is  uncertain  as  to  where  the  maximum  soot  emission  intensity  is 
in  Figure  4.10.  The  soot  emissivlty  calculations  shown  in  Table  4.4  indi¬ 
cat*  that  it  is  in  the  0.7h  to  0.14  range.  We  do  however  notice  that  the 
soot  emlsslvltv  increases  with  burn  time  increasing  for  example,  from  0.14 
at  15  s  to  0.27  at  40  s  after  Ignition  (see  Table  4.5)  for  an  assumed 
flame  temperature  of  1400  K.  This  may  be  n  consequence  of  the  increased  soot 
formation  by  the  combustion  of  ethane,  butane,  and  nronanc  fractions  in  the  1,N0. 

There  ia  no  a  priori  way  of  estimating  the  luminous  soot  emissivlty. 

Hottel  and  Saroflm  (1967)  suggest  that  for  radiation  calculations  from 
gaseous  flames  the  effect  of  luminous  soot  radiation  can  be  accounted  for 
by  increasing  the  gas  emissivlty  by  0.1.  The  inference  from  present  measure¬ 
ments  on  soot  emissivlty  imply  that  soot  emlsslvltles  lie  between  0.1  and 
0.2.  This  result  is  in  dis agreement  with  the  conclusions  from  the  AGA 
experiments  (nee  Section  G,  AGA  1974)  in  which  the  soot  emissivlty  was 
estimated  (from  radiometer  data)  to  be  close  to  unity  for  flame  sires  Lar¬ 
ger  than  3  m  diameter.  The  AGA  data  Indicate  that  between  60  and  BOX  of  the 
energy  received  by  the  spectrometer  in  the  6  tn  teat  was  attributable  to  soot. 
This  does  not,  however,  give  anv  indication  of  soot  emissivlty  because  the 
energy  radiated  by  li^O  and  00^  and  later  absorbed  by  the  atmosphere  is  not 
precisely  known.  Therefore,  the  question  of  the  magnitude  of  soot  emissivlty 
remains  unreBolvrd. 
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The  4.3  CO.,  omission  ban!  in  all  oi  the  apectr;  1b  quite  prominent. 

It  is  argued  bv  Hottel  and  Sarofio  (1967,  p.  205)  that  because  the  a vet  age 
collision  time  between  molecules  is  of  the  order  of  10  s  .lr.d  the  relax¬ 
ation  tina  for  excited  vibrational  energy  levelB  Is  of  the  order  of  10  ^ 

-  i 

to  10  seconds,  the  chance  of  not  having  redistribution  of  vibrational 
energy  into  translational  energy  is  small.  In  effect,  equilibrium 
exists  in  a  flane  <mn  the  term  "temperature"  is  meaningful. 

The  apparent  .-.pectral  iudlance  at  4.6  •.  ra  corresponds  to  a  black  body 
temperature  ot  1,425  K.  If  the  at  tnorphcrlc  absorption  correction  ib  taken 
into  account,  the  effective  temperature  is  found  to  be  1550  K.  This  cal¬ 
culation  of  course  assumes  that  the  line  emissivity  Is  unity.  lire  impor¬ 
tance  of  this  calculation  is  in  indicating  that  the  CO.,  emission  is  also  a 
thermal  emission. 

The  emissive  power  ca. taint,  ion  indented  in  Section  4. 5. 4. 2  and  des¬ 
cribed  in  detail  In  part  1  of  Appendix  &  is  probably  the  only  way  of 
determining  the  energ\  emission  from  the  flame  using  the  present  Bpectral 
data.  The  principal  difficulty  arlbcs  due  to  the  complete  absorption  in 
the  intervening  atmosphere  of  the  water  vapor  emissions  and  partial  absorp¬ 
tion  of  CO.  emissions  from  the  flame.  The  method  Indicated  in  Appendix  B 
Is  quite  sennit  i\c  to  the  input  information,  especially  to  the  value  of 
4.3  cm  CO.,  hand  energy  received  by  ttie  spectrometer  aft*r  attenuation  in 

a 

the  atmosphere  (for  a  detailed  discussion  on  this  see  Appendix  B).  It  has 
been  argued  in  Appendix  B  that  the  spectral  data,  both  luminous  soot  emis¬ 
sion  and  the  4.3  ,,m  C°,  band  emission  could  be  adequately  described  by  a 
1500  K  flame  and  the  combustion  occurring  under  stoichiometric  conditions. 
That  la  the  partial  pressures  of  CO  and  H,()  in  the  fire  have  their  stoichlo- 

i.  <- 

metric  values  corresponding  to  the  combustion  of  methane  in  air. 

Baaed  on  the  1500  K  fire,  stoichiometric  combustion  and  observed  Boot 

cmiaslvlty  corresponding  to  1500  K  (Table  4.4)  the  1.KC  fire  emissive  power 

*> 

Is  calculated  to  he  175  kW/m4,  (sec  Table  4.6).  This  agrees  remarkably  well 
with  the  narrow-angle  data  for  test  #5  (see  Figures  5,23  and  5.24)  which 
are  described  in  greater  detail  in  Chapter  5. 
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The  wide-angle  radiometer  data  for  the  same  tent  indicated  higher 

'J 

emissive  power  than  the  above  175  kW/m"  (see  Section  •  4  .  * 1  •  Also  a  cal¬ 
culation  has  been  made  in  Part  2,  Appendix  B,  using  flame  characteristics 
determined  (by  using  the  spectral  data)  to  estimate  the  radiant  flux  at  the 
60  m  location  of  a  wide-angle  radlometet .  After  accounting  for  the  various 
band  ebsorpt ivities  in  the  atmosphere  for  a  weighted  path  length  of  40  in 
(see  part  2  of  Appendix  B) ,  the  radiant  flux  at  the  wide-angle  radiometer 
position  is  calculated  to  be  8.6  kVi/m*".  The  measured  flux  Is  close  to  1H.4 
kW/tu  .  It  is  very  difficult  to  explain  tills  significant  difference.*  However, 
certain  argument s  can  be  made  to  explain  why  the  wide-angle  radiometer  reading 
could  be  higher  than  that  calculated.  The  spect roire t e'.  Is  aimed  at  the  lower 
position  of  the  flame  where  soot  concentrations  ttviv  he  low  and  consequevitlv 
the  luminous  soot  emisslvitv  could  also  be  lower.  It  is  entirely  possible 
that  middle  and  upper  part-’  <u  the  flame  have  higher  luminous  soot  concen¬ 
trations.  Since  the  vine-angle  radiometer  receives  energy  from  the  entire 
flame  (in  contrast  to  the  narrow-angle  radiometer  and  the  spectrometer),  it 
may  receive  energy  from  the  flame  which  has  higher  soot  otnissivi tv.  We  do 
note  here  that  visible  motion  nlcture  records  do  not  indicate  anv  signifi¬ 
cant  variation  of  the  flame  V  t  l  ght  ness  with  height.  It  is,  of  course,  highlv 
unlikely  that  t  fie  soot  eml  s  si  vj  t  v  will  increase  with  height  in  tl'.e  flame 
to  Ruch  an  extent  as  to  auhat ant  tail v  Increase  the  radiative  emission  from 
the  top  parts  of  live  fire.  It  is  unfortunate  that  spcitra  from  different 
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sto  lrfil  ome  t  r  I  c  ioicH;  ions.  it  is  ruled,  hovcve.  ,  that  tin  laboratory  scale 

experiment  a  of  1  hor-c.  .  t  ivt  shew-  ih  *t  the  fo'.i’  mass  of  alt 

moving  vertical  lv  up  over  t  he  entire  *n  rl.toni.r  -  .  t  f  on  In  space  correspon¬ 
ding  to  the  'on  oj  :  fa  >•  tl.im-  is  .iti  or  del  f>t  iragn '  *  ud?  larger  than  the 

»t olchloroet r ; .  rale  .  Ib'u.r.  e:  .1.  dM  :.<M  l-if.t  th.t  thin  was  the  value 

of  air  entrained  within  *  h.  risible  f  ja:»  . 

*  eaperiallv  slice  the  same  model  ctvc  t  pt  mil  c !  K  flux  at  2  16  m. 
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One  of  the  i  uleao '  ved  quontli.it  that  i.us  e-.  '■  l  •"  t'te  rnl 

data  la  the  abaorption  ot  soot  tad.itlcu  tv  warm,  optically  thlik  hydro¬ 
carbon  gaaea .  We  have  been  unable  to  explain  wheri  In  tin  1  lame  those 

gaaea  ara  and  how  thev  ahsorh  soot  i.idiatl  r. .  1 ' ''  ‘‘  ' 11  ' 

of  a  cere  of  warm  fuel  vapor  In  the  lire  tui  ro.indt.  .1  1  \  a  it'j.  t  to;,  -tone 

(flame)  containing  lunlinui.  so  it  ■  ■  o!  t  tin-  .cave  discussed  absoip* 

i  lor . 

,  .  7  C0NC1 r  -ns 

The  s  1  gn  1 1  leant  cone  lumens  Mon.  t  ,e  .muI’H.s  o.  tit  .  eotral  data  arc 
the  following: 

1.  The  flatae  temperature  eat.i.  t  pv  detensl  it  d  pieoiuol*,  but  It  Is  In 
the  range  of  1100  K  -  1  '>0i  K.  This  Is  est  imaiod  'torn  the  loca¬ 
tion  of  peak  soot  emission.  The  calculation*.  based  on  4.1  ;gt  CO^ 
band  emission  Indicate  Mi.it  t  !.<•  temperature  is  probably  closer  to 
1500  K. 

2.  The  IKG  flame,  for  the  sire  Investigated  (11  m  diameter)  Is  a 
band  emitter  with  significant  emissions  in  the  H  and  CO  bande. 
Water  vapor  emission  constitutes  about  501  of  the  total,  CO,, 
about  751,  and  tin-  t  oir.i  I  iv'e  i  bv  t  he  soot. 

1.  The  flame  emissive  power  (total  inergv  ir.lt  ted  pet  unit  nominal 

1 

flatus*  nut  1  at  e  are*  i  Is  about  1  >  «W/ta‘  .  i  :i  t  s  value  agrees  well 

with  estimates  based,  or.  otnei  rse asui eo>ent  s  marl  *w -angle  radiometer). 

4.  hsllauited  soot  cml  ss  1  vl  t  1  es  during  the  mali:  part  of  burning  t  law 
«re  In  the  range  of  0.14  to  0.14.  These  are  much  lower  than  t  lu 
0.5  to  ().(•  reported  li  the  AOA  experiments.  Soot  emlaslvitv 
increases  towards  thi  end  of  t  lie  binning’,  period.  At  1  r'Q0  K  the 
maximum  soot  emlnaivlty  observed  Is  0.14, 

5.  For  *  given  dlstame  the  at  aunplin  h  t  r  a. at.  1  as  1  v  i  t  v  for  the  l.NC. 
flame  radiation  is  much  lower  than  for  a  radiation  from  a  black 
bodv  with  the  aatar  emissive  power.  This  is  due  to  the  band  emis¬ 
sion  ftoD  >1,0  and  CO,  In  a  l.NC  (lie  and  the  strong*,  abaorpt  1  or  bv 
the  same  sp*  <  Irs  in  the  atmosphere. 

.  .] 


6.  Actual  at  mospher  Ic  absorptivity  Is  greater  (by  almost  a  lac  tor  of 
two)  than  that  calculated  based  on  principal  H^O  and  CC^  bands. 

This  nay  be  due  to  the  effect  of  other  weaker  hands  and  also  due 
to  other  gases.  However,  the  magnitude  of  this  absorption  is 
inexplicable  large. 

7.  If,  as  spectral  data  suggest,  the  f 1 ame  is  assumed  to  be  emitting 
at  a  t  emperature  of  1  S()0  k  and  to  contain  sto  '.chiomet  ric  quanti¬ 
ties  of  water  vapor  and  CO,,  and  if  water  and,  CO.,  absorption  in  the 
atnosphere  are  cst incited  using  standard  methods,  flux  estimates  do 
not  agree  well  with  oxper lm.ent a  1  data.  At  a  distance  of  40  nt  the 
data  from  the  wide-angle  l  .id  lomet  or  indicate  more  than  twice  the 
radiation  pr<xi  Ic  t  ed ;  at  7  i'»  m  the  spectrometer  receives  about  1/3 
the  radiation  predicted. 

8.  While  a  tvniel  describing  flame  emission  in  toims  of  soot,  water 
vapor,  and  CO,  species  should  provide  an  Improved  description  of 
radiation  from  an  I.N0  fire,  not  enough  spectral  data  are  yet  avail¬ 
able  to  (let)ne  tin  charset  or  i  »t  i  c»  oi  such  a  model.  The  role  of 
unburned  vapor  in  the  core  o:  the  fire  plume,  if  any,  nav  have 
significant  effect  on  the  radiative  char a  t er 1 s t 1 c s . 
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tvp»«  of  i.Nr-  tit*  tests.  To  first  tv;,  involved  i.apid  spills  of  l.N. 
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vapor  cloud  which  was  allowed  to  drift  downwind  a  ;r  ign  1  1  leant  distance 
before  It  van  Ignited  at  a  downwind  location.  These  latter  tests  arc 
described  in  Chaplet  t> .  In  this  chapter  we  review  experimental  data 
only  Iron  the  “pool  fire"  and  "delayed  pool  flic"  experiments. 

The  series  n!  pool  fire  tests  consisted  of  7  tests  In  vtil.t.  the 
spilled  l.Ntl  was  ignited  iranl  1  .it  c  1  v  and  i  tests  where  the  ign. t ton 
was  delayed.  The  quant  It  v  of  i.Nc'.  and  t  he  duration  of  spill  wofe  varied 
aral  the  appropriate  me t euro ! og t c a  1  conditions  at  the  test  site  were 
measured.  In  T.l*>le  ^  ■  1  is  given  a  summatv  descrip!  ion  o!  the  eondlt  ions 
associated  with,  each  of  the  expe  t  inent  s  ,  Tin1  t1  enroll  radiation  result¬ 
ing  I  rna  the  pool  tiros  w  is  rcasuicd  i  !tl  narrow  angle  and  wid<  angle 
r  ad  1  orac  t  e  rs  placed  at  vat  ions  '.'cations.  In  test  A  '' .  a  spectrometer 
was  placed  at  a  distance  ot  .Ms  Irons  the  iplll  point  t  o  measure  the 
spectral  chat  ac  ter  1st  les  ct  the  i  1  amc  ,  T'too  movie  carrot  as  vote  located 
at  various  distances  1  roe;  t'e  spill  point  to  o'  !  a  1  n  t-.o  orthogonal 
side  views  and  an  overview  .  •  t'  c  i  ire.  In  Figure  ‘>.1  .  ,  r  shown  the 
locations  ot  the  1  ns  t  t  omen  t  used  tor  pool  tire  test  f  3  t'  tough  test  *l. 
In  Figure  ■- .  7  ate  s'  own  t’e  1  u  a ;  !  etc.  ot  lira  mm  :il  ■.  tot  poo  !  !  I  t . 

rests  *  ,  11  and  1  .4  . 

\.I  AN  ALT js I  IS  Oi  i‘>  w  >j_  MShth 

alien  !  h  •  is  ••pilled  o;  •.  a'el.  It  spreads  and  evapoiates,  Spreading 
enhancer  t-'tal  rv  ipot  :t!  tv  providing  n.  t  <  sutfaie  ai<»  tor  lie.it 
transfit.  Spr  e.t  1  i  nr  -■!  a  i.oge-  or  wafer  Is  governed  tv  the  inter 
a  •  ef  the  *  i  • :  i  ■  t  1  s.ir.  ’  -it  j  1  -p,.,.  >n  <■(  'l>pild  spreading  and  the 

t'rrtnal  p'  enome"  (  r.  <■;  'r.i*  ttanstet  it  *  '•  e  interface.  Sevetal  theoreti 
(  a  1  modi  Is  are  .iv.lt’  i  *  !  e  in  1 1  •  1  !  h  i  iilurc  to  <li  t  r  ns  Inc  the  extent  ot 

a;  reading.  A  review  .•  ttese  models  Is  .iv.i  1  1  ah  1  <  In  the  1  ltetat  urn  (sen 
Se>  t  loti  i .  In  all  o(  thesi  bv  It  1  s  ,  t  hi  imp  n taut  paraaxtei  determining 
the  maxi-van  extent  of  '1  e  sptead  and  the  spread  t».e  In  the  liquid  re- 
Klenaiun  i.itr  i’f  1.N'-  on  water,  i.  7h>  <S  linens  1  onn  ol  v  are  tr/n  and 
phy «•  1  <  al  1 '.  1 1. 1  ■  : .  ;  i  e.  .  nt  t  •  •  rite  o'  dec t  oa sc  In  the  tic  i  gh  t  of  a 

pool  of  Me.  on  cater  On.  »  o  <•■  in  r  at  I  on .  This  is  a  direct  function  of 
t'e  heat  traits  i  et  I  i  "i  i*-<-  .  1 1  ■  t  t  •  t'e  pen  1  of  In  addition,  tic 
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boiling  rate  Is  also  sensitive  to  the  chemical  composition  of  I.Nil . 

The  he/U  transfer  from  t he  water  to  the  I.NC  pool  is  further  Influence.! 
by  formation  of  tc<  (If  any'  on  water  surface.  Solid  lee  tvpic.illv  d-  es 
not  form  In  unconf 1  ted  spills  of  l.NG  on  water. 

Once  the  pool  of  1  St',  is  ignited,  the  heat  transfer  from  the  flame 
to  the  surface  of  the  pool  Increases  the  rate  of  vapor  1  rat  1  on .  The 
"burning  rate"  thus  depends  both  on  h.iel  radiation  iron  the  flame  and 
the  boiling  rate  of  water.  In  large  Male  experiments,  the  variation 
In  burn  1  tip  rate  with  time  cannot  be  determined  easily.  While,  theo¬ 
retical  estimates  ot  b,»i  1  t. tdlai  ton  1  r.w  the  flame  are  possible  In 
principle,  thev  require  inov’edge  of  'he  distribution  of  the  I  1 tune 
t  rnpe  r«t  ure  itul  the  c,  is  c  one. -n  t  rat  1  on  within  tie  !  Ire.  Only  average 
values  of  t'  e  burning  rate  can  he  determined  1  v  r nowing  the  total 
volume  of  fuel  an!  t  t  duration  of  '  ruing. 
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subjective  au-.e  ■  l  t  e  lari  o'  , 
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FICVRF.  S.  }  :  OBSERVED  POOL  DIMENSIONS  FOR  I. NO.  TEST 


The  exact  d  linens  i  ons  of  t  heso  fingers  could  not  he  determined  bv  t'e 
available  motion  picture  data.  For  simplicity,  we  assured  that  the 
pool  was  elliptical  In  shape,  with  dimensions  along  the  major  and  minor 
ues  given  by  the  downwind  and  the  crosswind  cameras ,  respective1".  The 
average  pool  diameter  vis  determined  to  be  the  diameter  o!  a  circle  e: 
equivalent  area.  Sin.-.-  the  view  iron  the  movie  camera  always  it.J.i  \ited 
the  width  o!  the  pool  noma  1  to  the  t  ield  of  vie'.:  ot  the  camera,  the 
diameter  o!  the  pool  determined  bv  this  method  provides  an  upper!1  none,  or, 
the  extent  o!  peel  spread. 

As  can  1  e  w.-en  i  r  om  Figure  S.l,  the  initial  spread  rate  o!  the 
pool  is  high.  P  e  ignlt"i.  In  t1  "so  tests,  was  activated  wit1', in  about 

I  second  afte:  liquid  1  list  i-m,  toil  the  pool.  The  ariow  shown  in 
Figure  ‘‘  .  1  lndlcatis  the  llist  evidence  ol  visible  flame  Irma  the 
movie  !e.  oids,  hi  ee.if  I ’i  t'e  il  iaiilot  at  .ihul  '•  seconds  is  based 
on  a  itea  surest  nt  •  ‘  th.<-  vtsl*  ’.  e  vapor  .  loud  an  1  mav  not  .vtu.ally  re 
present  the  I  lm  peel  dia.met«i  w  lib  mi!  sequent  1\  stabill.’es  -It  about 

II  m.  Figure  r' .  s  dew*  similat  data  *ei  test  *  I which  was  at  a  spill 

rate  a  -ou  1  d  t  t  an  that  f  ■  t  t  i  s  t  is,  'nit  whir’,  <  on  t  1  nueii  f  oi 

81  seconds  lcemp.it  cd  to  id  se,  otnh.  to:  to-  t  *  '■> '  .  The  poo  1  diameter 
in  test  *!?  .fa1  1  lire  1  at  t'  Mil  Id.  m. 

The  ao.isiit.’t!  >'  a'  ,!  1  men  s  1  ore.  ol  the  LN  •  pool  on  v.lt  ot  1  or 

vat  loos  tests  at.  s'  owe  1  -  .  a"  !  •  .  The  1  is'  column  In  Table  c' .  ? 

shows  the  :  aag.  .  •!  .-s  t  ••?.«:  ed  turning  tales  for  l.N pool  fires  on  wait  ,, 

To  male  an  •  .mate  t  ,s  i;u  eit  !  tv  we  have  made  the  (ol  loving 
a  km  imp  t  1  nis  : 

•  Th.  b  :  it  i  •  '1  Hen. i  ’aiming  Is  used  to  deteimlne  the 

"Util  ;,  :  ■•  .  i  is  .a •  determine.;  bv  the  motion  picture  data 

a  nd  i  id  i  eni't'  i  date.  In  determining  the  duration  of  Intense 

‘inning,  ve  Ignored  t'e  iuitl.il  ir..,.slent  period  of  the  fire  In 
v.  •  1 1  *  ! .  tht  fl.m’  ii.  i  .-.ht  was  In.  nosing  and  the  final  stages  of 
:ih  five  v.erc  t.«  lieii.tr  of  the  visible  flame  was  steadily 
Hi' a  io.ld:iK. 
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FIGURE  5.4:  OBSERVED  POOL  DIMENSIONS 


•  Tin*  aotui  1  area  of  the  pool  is  Mkelv  to  ho  less  than  the  area 
in«i  looted  hy  the  maximum  pool  dlnens t on-. .  Wo,  th.  rot  ore,  nave 
use-.!  both,  tie  a vo rage  i’i.m«'tor  and  no*  of  tha  average  dtanu  tor 
in  order  to  oh  tain  i  ospet  l  l  vol  y  t  ho  lover  limit:,  and  the  upper 
limits  tor  the  bottling  rates. 

The  horning  rate  is  estimated  hy  dividing  t  ho  total  volume  oi  I.Nf, 
ty  the  Calculated  area  of  the  pool  and  the  duration  of  the  burning. 

If  the  burning  rate  were  constant,  the  meximu:-.  pool  radius  should 

increase  with  tlie  square  loot  of  the  spill  rate.  in  the  \  .A  ( 1 9  7  *'* ) 

pool  fire  tests,  tile  burning  rate  duo  to  hack  radiation  ‘  rotn  the  fire  vaa 

found  to  bo  about  1 . AA  x  10  a/a  (0,  14  in/mln)  f , » r  the  h  m  diameter  tests 

-4 

and  was  estimated  to  be  about  1.57  x  10  m/s  (0.17  In/mln)  for  the  ?4  m 
diameter  teat.  If  we  assume  a  typical  value  of  1.4S  x  10  *  a/ n  (0.35  in/min) 
and  add  this  to  the  typical  regression  rate  of  4.73  x  10  '*  tn/s  (1  in/mln)  for 
I.JJd  boiling  on  water,  we  would  expect  the  pool  fires  on  water  of  the  scale 
studied  at  China  lake  to  have  a  regression  rate  of  about  5.7  x  10  ^  tn/s 
(1.35  in/min) . 

Observed  average  pool  diameters  are  plotted  as  a  function  oi  spill 
rate  In  Figure  5 .  5 .  Also  shown  is  the  theoretical  line  1)  the  regres¬ 
sion  rate  remained  a  constant  at  5.7x!’T‘4  it's.  Frot  this  llgurc  it 
appears  that  the  pool  diameter  i  -.  iess  than  would  lie  expected  at  the  high 
spill  rat  es . 

It,  however,  it  is  assumed  that  t  1  observed  diameter-;  represent 
the  dimension  ot  the  t.N'7-v.uer  pool  surface  contact  area,  then  apparent 
■'lining  ijites  can  t-c  estimated.  These  rates  are  presented  as  a 
•unction  of  spill  rate  in  Figure  S.b.  The  rates  are  in  the  range  ex¬ 
pected  for  the  tests  of  spill  rates  up  to  a’-out  O.n?  m^/s;  however, 
t'ev  seem  to  increase  su’-st  ant  lal  1  v  ior  the  highest  spill  rate  tests. 

«hile  data  are  not  available  to  identifv  the  reason  f or  this 
apparent  increase  in  turning  rat-  vitv  spill  rate,  it  seems  lifelv  that 
the  effect  is  due  to  a  surface  ar-a  enhancement -of f ect  associated  vith 
the  discharge  ]et  reaching  a  high  enough  velocity  to  cause  fragmen¬ 
tation  of  liquid  as  it  Impinges  on  the  flat  plate  designed  to  deficit 


5-11 


»ni*t.  Itrf  ji  <1)1! 

,  •  s.  !  P-  n,' 


ill  I  .  .•><•<  I  i  vi 


AklAI.  "t  MAX  I  Ml '"1  I'm!  IMAHIIKK  Willi  I  HA  I  ! 


i  : li»  j<  t  .  Rapid  Mi'il  l  oi  !.Ne.  onto  (ho  water  I  rim  a  LNt.  shin  caused  hv  on 
accident  nav  also  exhibit  a  similai  elis-ct. 

In  Figure  S.7  are  plotted  the  visible  tn-asure.l  cloud  lengths  as  a 
fuiu't  hm  of  tine  at  t  or  sp ;  1  1  !  oi  dolaved  ignition  pool  lire  tests  '■  \  J 

and  #14.  Tito  rates  oi  spill  ior  these  tests  ver.  fl.Of-e.  ai'/ti  .its!  a .  ■<  '• 
tn^/g.  respite t  i ve  1  ••  .  :he  ’  ten  id  pool  was  allowed  to  -  pie.u!  at.,  e'.  .it  i  t  .it .  . 

The  dense  vapor  .  loud  o!  hSU  ••MS  seen  to  spl  end  Well  he\01)d  the  .-dge  ot  t'e 

pond.  The  d  i  mens :  on-  the  v.ipoj  'loud  were  treasured  t  rern  tin  mot  leu 

picture  data.  Ignition  w  is  Initiated  at  a'unit  seconds  and  3°  seconds 
after  the  spill  tot  tests  ■•••  1  .mil  *1-'.,  respect  ivelv.  In  loth  cases, 
the  soutie  >!  ii;<-  i  t  ion  v  t  .  l.v.tte  !  sevei  il  m  t  i  r  .  iwav  i  rott.  the 

point.  At  :  it'd  t-i  .  dg.  t  ••  v.i.'ot  cloud,  stalled  hurtling.  Once  the 

peripherv  oi  the  vapot  cloud  was  comp .-t  c  1  v  1  urned ,  the  tire  started 

to  move  t’vaids  •  •  rt .  t  o’  •  .■  length  ot  t'i  vapot 
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spill  rate,  the  .  i  ■  i  I  !  /  >  .'  t  :  i  .  .' ;  ..rr.i  i  .-t  d  ■*•"  1  m  .  I 

In  hi1'!:1  '■ .  .  in-'  in  1  i,"-.’e  'i .  -  .r.  1  we  ;  ,iv  not  included  the 

bits  ta-ec.  tor  ;  1  :  :  :  ••  • t  :  is  is  prir.U'.lv  hi  a  ;ne-e  1 1  .  '<■ 

'  av  1  >r  set  vet!  do*  i  ng  t  ■  •  s  test  *  •  d  t .  it  t'a*  it  was  not  a  normal 

■mol  fire.  The  data  log  indicated  that  this  was  to  he  a  ronvcnl  icnnl  pool 
tire  test  hut  that  high  wind  Mew  vapors  avav  Iron  the  igniter.  The  spill 
rate  was  f.tirlv  1  t  ,-h  (S.l  ts '  in  *>.'  boc  ends),  hut  ignition  occurred  about  40 
■  eronits  alter  thi  ill  in*  t.  ad  ot  the  3-S  si  i  onds  topical  of  other  pool 
f  l  re  tests.  Soon  a’er  Kni'lon,  ■  he  vapor  cloud  which  developed  and  tnov'td 
downwind  hut  tied  irte*ely  in  a  verv  short  duration  (of  4  to  ">  seconds). 

For  the  1 1  ;t.A  1  tulei  of  the  '  l  I  ir ,  after  a  brief  period  of  almost  normal  pool 
fire  burning,  a  verv  sl,-f  ,  *ootv  fire  which  resembled  the  last  ntape  of  the 
t lame  ot  other  pool  'ire  * e* t  «  was  observed,  The  radiometer  data  showed 
a  sharp  rise  in  measured  iacil.it  Ion.  which  lasted  only  for  2  or  3  seconds, 
■toon  after  the  ignition.  Tin  measured  radiation  (or  the  remainder  of  the 
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fire  wag  much  smaller  than  the  measured  peak  value.  This  test  was  conducted 
with  winds  In  the  6-8  knot  range  and  we  have  used  flame  tilt  data  from  the 
brief  pool  fire  segment .  This  is  one  of  three  tests  conducted  with  wind. 
However,  we  have  not  ased  the  radiometer  data  since  considerable  data  are 
available  from  other  pool  ftre  tests  which  followed  the  conventional  test 
sequence . 

*> .  3  ANA1T  SIS  Of  PiH'i.  KIRI.  1IA1A 

In  this  •■■■i  t  i on  wo  discuss  ohservat  Ions  on  the  physical  chnric- 
ter<«r  *,-s  *  r.L.  t  .re.  first,  we  descr  1*h'  the  qualitative  obser¬ 

vations  made  1  rom  t '  i  •  ■  motion  picture  films.  Then  quantitative  data 
obtained  1  rom  rn-.is  i!  enent  s  o!  mot  ion  picture  records  .arc  analyzed  and 
cot  re  1  a ted , 

•  3.1  jj'y  i  hyt  <''  s.  ;  vat  1  ons  on  !’oo  1  T i  re  Helia v  1  or 

As  sean  as  the  I .N*  ‘fist  impinges  on  the  water,  one  observes 
streaks  ol  white  vapor  sheet  lug  out  In  all  directions,  completely 
masking  the  spill  pipe  iwnich  is  about  1?  n  above  water  level).  Igni¬ 
tors  .are  activated  in  p,.l  tire  tests  la  about  1  second  after  the  spill 
contacts  t  fie  water;  however,  there  usually  Is  a  delay  of  a  few  seconds 
before  flame  Is  visible  on  the  film  record .  The  flame  does  no;  spread 
very  rnpl  ilv  through  tin1  established  i  loud.  In  fart  ,  even  when  most  of 
the  vapor  i.ind  p<  chaps  the  pool  1  is  on  lire,  one  can  still  notice  some 
"strav1  white  'Souh  on  the  perinherv.  It  is  likelv  that  these  clouds 
contain  v  cor  --.t  rat  i  ons  below  the  lower  flammable  limit  which  are 

visible  be  ic;e  the  sigh  rcl.it  iw  humidity  <  lose  t<>  the  water.*  Al¬ 
ternative  .  a. a  tier  e>.  ,c .  it  1  on  t  m  the  "slow"  consumption  of  the  visible 
cloud  ”1  apci  :-..(t  it  curtains  significant  amounts  <’f  condensed  water 
(fine  i  eg  '  t  i  e  ■  t  .'dli  t*  vntdh  act  a*.  .,  qoin^hing  medium  for  flame. 

Wlule  these  ;:..r  i  eenp’et  e!  v  .p.iei.i  :i  the  flame,  they  MV  significantly 
affect  the  1  la-’e  p :  i  ga  t  '  on  . 

* 

The  vi*  oud  i>  due  le  condensation  of  water  vapor  as  the  T.NG 

vapor  r  i'u  1  ■  a  |  r .  l.e  :  l.rzi.i  !•  vapor  zone  rmv  lie  within  the  visible 
zone  i  1  i  be  :‘v  i  .  fair1.-  haml.!, 


The  second  stage  in  the  development  oi  the  po<  1  tire  1  the  for¬ 
mation  of  the  visible  plume  (oi  lltel.  The  formation  of  the  pluuio 
is  characterized  hv  a  leading  head  foil  wed  hv  a  tali.  The  head 
disappears  vet?  soon  establishing  only  the  tail.  This  behavior,  which 
is  observed  in  manv  other  situations  where  buoyancy  is  suddenly  turned 
on  and  maintained,  is  termed  (Turner,  1972)  the  "Starting  Thermal." 

From  the  time  of  ignition  t  the  establishment  of  a  flic  plume,  Wi 
estimate  the  duration  to  be  about  b  s. 

The  t  h  s  i  d  *.  t  agi  oi  1  u i  n  i  r. g  .  wb  i i_b  last:*  for  the  longest  dur a  t  1  on 
iif  time,  is  the  steady  state  burning.  his  pet  tod  is  characterized  hv 
the  presence  of  a  tall  yellowish  flame  whose  helgnt  oscillates  at 
almost  a  regular  period.  The  base  diameter  has  a  constant  size. 

Another  important  feature  noticed  in  this  period  is  the  release  at 
regular  intervals  (between  ]  s  to  A  s  period!  e  ■  large  spherical  blobs 
of  burning  zones  which  move  up  the  visible  plume.  In  fact  the  periodicity 
of  nelght  variation  coincides  with  the  release  of  these  blobs  of  fluid, 
it  Is  our  premise  that  this  phenomenon  is  the  result  of  flame  insta¬ 
bility  which  results  in  periodic  increase  and  decrease  of  vaporization 
rate  of  fuel  from  the  pool  surface.  This  stage  lasts  for  almost  7S£ 
of  the  spill  duration. 

Schematic  representations  of  the  fire  development  stage  ("starting 
thermal")  and  a  well  established  plume  tire  are  given  in  Figures  *> . fin  and 
S.flb,  respectively.  The  latter  figure  has  been  t raced  from  a  movie  record. 

In  tfie  fourth  stage  of  burning  the  flame  hei  omes  sooty  (most 
probably  due  to  the  burning  of  heavier  hydrocarbons  such  as  propane, 
ethane,  butane).  The  color  of  the  fire  changes  from  yellow  to  brief 
red  and  finally  black  soot  can  he  seen  at  the  top  third  of  the  flame. 

The  flame  height  finally  decreases,  presumable  because  of  the  rapid 
decrease  in  the  evaporation  rate.  This  is  seen  to  occur  soon  after 
the  flow  of  1.NG  is  turned  off. 

In  the  final  stage  of  burning  we  see  small  flame  lets  on  water 
burning  on  what  appears  to  be  "black  ice.  AfLor  al i  of  the  little 
flames  have  died  out  one  notices  ar  area  (on  the  pond  water),  roughly 
equal  to  the  size  of  the  I.NG  pool,  which  looks  black.  Tills  may  he  the 
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remnants  of  uO-u.  kind  of  I.!*.  water  h.d.ate.  iK  tin.  ilm:  airvone  could 
approach  the  pond  aftir  :hc  '  e  t.  his  Mack  patch  had  completely 
d i aappt a i ed . 

5.3.2  Quant  ltd(  i  vo  data  i  iqiu  .\>o  1  hire  i.xper  inn  nt a 

As  Indicated  oat  !ler,  the  visible  1  ,  ame  1. ilgl.t  varies  periodical'..’ 
with  time.  The  ilamc,  th<  ugh  v-.-itlcal,  lti  the  absence  ol  wind,  1.  I  at 
f row  being  a  pel  fe,  l  cylinder. 

As  can  he  «!  cn  from  ligi.re  5. Ml.,  the  flat  ■  Is  t  ..  i  1  and  slender, 
but  the  lateral  elr.t  nslm  i.  .in  !v  nr.  n.m  ■  ;  nnlfom..  In  tact,  the  ob¬ 
servations  of  the  motion  pictuse  data  tunicate  that  large  turbulent 
eddies  are  formed  at  the  lower  part  ol  t  lie  flame  and  rise  gradually 
to  the  upper  part  of  the  flar.it.  hurlng  their  asetnt,  the  eddies  grow  In 
site  and  slowly  dissipate  Into  ,-f 1 ame let s . "  For  purposes  of  analysis, 
we  have  used  the  "instantaneous  height"  of  the  visible  flame,  which  by 
definition  Is  the  height  of  the  solid  flame  from  the  pool  base.  In 
determining  the  instantaneous  height,  we  have  ignored  the  sheets  of  the 
flame  that  escape  from  the  main  body  of  the  flame. 

In  Figure  3.9  are  shown  the  measured  instantaneous  heights  varying 
with  time  for  test  “12.  As  ran  he  seen  from  the  figure,  the  height 
of  the  flame  steadily  increase.-,  tu  about  30  m  in  less  than  5  seconds 
after  Ignition.  This  corresponds  to  the  rise  of  the  initial  head.  The 
diameter  of  the  head  was  estimated  to  he  about  11.  m  and  the  height 
to  be  about  11  m.  The  average  velocity  of  rise  ol  the  center  of  the 
head  was  about  11  m/s.  The  tall  of  the  flame  ‘  onns  the  beginning  of 
the  pool  fire  and  If  rises  to  a  height  of  about  5M  m  in  about  in  seconds. 
The  mean  height  of  the  flame  was  seen  to  he  steady  for  a  long  time  and 
started  to  decrease  steadllv  around  8**  seconds  after  ignition.  Hence, 
we  have  estimated  the  duration  of  intense  hunting  as  73  seconds  which 
corresponds  to  the  time  difference  between  the  beginning  of  the  pool 
fire  (alter  the  formation  of  the  initial  head)  and  the  end  of  the  steady 
state  burning  indicated  hv  the  rapid  decline  in  the  flame  height. 
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During  the  pel  loti  of  intense  burning,  the  t  lame  height  i  .ct  uat  i« 
i  ipidly.  There  appears  to  he  a  privliw  in.nu  in  >:i  cv  to  this  ilu.t  l.it  Ion 
with,  a  period  oi  about  2-3  seconds.  The  peak- to- peak  fluctuation  in 
height  is  less  than  10  m  during  the  steady  burning  period.  An  arith¬ 
metic  average  of  the  lame  lengths  over  the  duration  of  Intense  burning 
was  calculated.  In  Figures  5.10,  5.11  and  5.12  are  shown  the  variation 
ti.  Instantaneous  visible  flame  length  as  a  function  of  time  lot  1.NC 
test  "  *1.  ,  and  r> ,  j  o  spec  t  1  ve  1  v  .  In  Table  5.3  ate  given  the  duration 

!  intense  'nit iiu, ,  avei  age  and  standard  devi.it  ton  ul  measured  visible 
tlume  lengths  lei  va  lions  1.N0  tests. 

5.  3 .  3  _ dot  relation  Ol  the  Visible  Flame  length  _D.it  a 

It  was  pointed  out  t-arli«r  in  Section  5.2  that  the  apparent 
average  burning  rate  of  i.Stl  on  water  varied  significantly  for  the 
various  tests.  In  Figure  r.13  are  plotted  the  measured  mean  lengths 
of  the  t lames  as  a  function  of  the  estimated  burning  rates.  It  should 
be  noted  that  there  is  Inherent  uncertainty  in  the  estimated  rate  ol 
burning  because  oi  the  subjective  evaluation  of  the  duration  of  intense 
mu  id  oh  and  the  asymmetry  of  the  burning  pool.  The  purpose  of  Figure  5.13 
is  merely  to  Indicate  that  there  is  a  definite  relationship  between  the 
ratee  of  Miming  and  the  average  flame  height  measured  using  the  motion 
p  i  c  t  ui  ••  d  a  t  a  . 

Thomas  O'*"!)  developed  a  correlation  for  the  visible  mean  height 
of  turbulent  diffusion  flames  (in  the  absence  oi  wind)  b.-r  ed  on  dimen¬ 
sional  analysis  and  data  from  laboratory  scale  crib  fires.  The  cor¬ 
relation  for  a  circular  liquid  pool  fire  ran  be  written  as  follows: 


n 


42 


J 


O.hl 


where  v  is  the  total  liquid  regression  rate. 


(5.1) 
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F  lanes  tr  t<-;t5  i  .1:1!  >'  •-••’re  ’ll:  e<‘  Vv  wind  of  2.6  and  2.2  r/s 
velocity  respect  i  vp  1  v .  Flaw?  length  Is  the  slant  height. 


Thomas'  analvaia  Involve*  some  fundamental  assumpt  Ions : 

1.  The  flame  is  characterised  bv  4  single  tt  taper  .1  ur<-  ami  a  sjeclfled 
gas  composition  at  the  flame  tip  regatdless  of  the  tlarie  «i/.e  or 
soot  concent  rat  ton  It',  the  flame. 

2.  The  correlation  does  not  take  into  account  either  the  differences 
In  fuel  properties  ot  the  differences  in  their  flame  radiation 
proper t lea. 

1.  The  correlation  is  valid  only  If  the  turbulence  is  generated  by  the 
heat  aouric  itself  and  not  it  t  tie  ambient  turbulence  Is  convected 
Into  the  tire  plume.  This  mav  be  a  verv  serious  limitation,  since 
ambient  turbulence  is  always  convected  Into  the  lire  plume  for  a 
fire  in  the  open,  such  as  for  a  burning  pool  of  1J4C  on  water. 

Despite  these  limitations,  Thomas'  correlation  seems  to  predict  the 
height-to-d) ameter  ratios  of  large-scale  LNG  pool  tires  very  well.  In  Figure 
5.14  the  f 1 amc  height  data  from  the  current  aeries  of  pool  fire  tests  are 
plotted  in  dimensionless  coordinates  and  are  compared  with  Thomas’  correl¬ 
ation.  The  scatter  in  the  measured  flame  heights  is  indicated  whereas  the 
diameter  is  assumed  to  be  constant.  In  using  Thom**’  correlation,  wo  have 
ut  Hired  the  estimated  values  of  the  apparent  average-  burning  rates  of  l.NG 
on  water.  As  can  be  seen  f  ron  Figure  S .  1 4  ,  t  bo  prodi<  ted  flame  heights  agree 
reasonable  well  with  the  measured  flame  heights. 


V_<_.4_  Flame  TUi  hy  Wind 


Wind  tilting  of  1J(G  pool  fire  plume  has  been  studied  bv  AC. A  (1974) 
using  the  data  obtained  in  the  Ar.A  experiments  with  l.SV.  fires  on  land. 
The  correlation  obtained  from  i’ncir  uaia  !  A  niisilni  i-.>  one  developed  by 
Thomas  (1964)  and  la  given  by: 
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for  u*  >  1 
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whe  re : 
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u  “ 
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(5.3) 
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D  lwn*  ion  1  Vl*lbl*  Pl«s>e  l^npth 


Wnore  is  chc  wind  velocity  in  m,’s  measured  at  a  height  of  1.5  ni  above 
ground . 

In  Figure  5 .  1  '>  is  shown  the  correlation  Indicated  bv  equation  (*».?). 
Indicated  in  the  figure  are  the  two  expel  intent  a  I  -Hints  obtained  from  the 
pool  fire  tests  #4  and  6.  The  Instantaneous  f  1  .ire  tilt  angle  -  were  measured 
t rum  the  motion  picture  data.  Since  the  camera  was  not  n»r""d  to  tin 
direction  of  the  .-iaJ,  the  mt-a-.ui  ed  angles  writ-  cwiti-tled  ut'.-g  simple 
t  r  i  gonogiv  t  r  1 .  relat  ionsiiips  to  obtain  the  tilting  of  the  llawv  by  the 
wind  In  the  verti.al  plane  containing  the  wind  ve. tor.  The  scatter  in 
the  measured  data  Is  due  to  fluctuations  in  wind  -.peed.  Tin-  measured  wind 
velocities  over  the  pond  were  about  2.64  a/  s  for  tests  f'2  and  k  6  and  .’.20  m/s 
tor  test  #4.  The  measured  mean  flame  ’ill  ang1 cm f ren  the  vertical  axis 
were  37*,  26.5*  and  46.3*  for  tests  t2 ,  4,  and  6  respectively. 

5.4  THERMAL  RADIATION  DATA  AND  THEIR  _ANA_LYSJ S 

In  the  pool  fire  experiments  the  radiative  outputs  oi  the  i ires  were 
measured  using  rsd lometer s ,  both  the  narrow-angle  t  vp<-  and  the  wide-angle 
type.  In  one  experiment,  (test  #5)  a  spec  t  nm- !  e  r  was  also  used  to 
&ensuie  the  spectral  emissive  c harnct er i « t t c o'  f he  tire.  This  section 
discusses  tfie  measured  data  using  tie  rad  i.-m.  .  rs  and  the  calcula.ed 
values  for  the  thermal  enei  gv  emitted  bv  the  liana-  t .  i.*,  { si.  i  ve  power). 

For  calculating  the  magnitude  o:  the  energy  emission.  it  m.  sphe  I  1 C  absorp¬ 
tion  corrections  anil  geometrical  view  correction'  !•:)•■+  bi-tur  1  .in-  taken 
Into  account.  In  effect,  t  fie  flame  emission  c  hm  ;»<  t  <-  5  w>  i  i  s  are  determined 
bv  assuming  the  flame  to  be  a  cylindrical,  grev  emitter  (At.A  1974). 

Five  wide-angle  and  two  narrow-- anp.l e  rad  1  oreu-r s  were  used  in  these 
pool  fire  tests  to  measure  the  radiant  1  luxes  at  various  distances  i  rom 
Che  flame.  Table  5.4  shows  the  location  and  orientation  -if  these  radiom¬ 
eters.  The  narrow-angle  radiometers  have  a  tot.-.j  o  -e  angle  of  about  7* 
and  art-  pointed  at  the  flame.  For  the  series  •-*:  lists.  1  !  to  6,  they  were 
located  60  m  from  the  spill  point  and  covered  a  f  ...rn  surface  area  of 
approximate  lv  7  a  In  diameter.  The  mm  e  tm-nt  m  tick  of  tests,  fl2,  13 
and  14,  had  the  narrow-angle  radiometers  located  at  a  distance  of  30  m 
from  the  spill  point.  Therefore,  the  area  of  flame  surface  covered  in 
these  teats  corresponded  to  a  circle  of  about  3 . S  tn  diameter.  Since  the 
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narrow-angle  radiometers  view  oulv  flame  surface  ,  the  measured  quantity 
le  directly  related  to  tire  emissive  power  of  the  llame  after  corrections 
for  atmospheric  t  ransml  ss  1  vl  t  v  are  made. 

The  wide-angle  radiometers  have  a  field  ol  view  of  approximately  150D. 
Therefore,  only  part  ot  the  rleld  of  view  included  the  flame.  Tile  emissive 
powers  can  be  obtained  by  bach  v.ileulat ion,  using  the  geometric  view  fac¬ 
tor  as  one  ol  tire  parameters. 

5  .  A .  1  LI  tat  t  at  Ions  of  the  Measured^  Radiometer^  Data 

I'nt  ort  unat  e  1  v  we  have  been  unable  to  use  all  the  radiometer  data  that 
were  recorded  tor  various  pool  fires.  Table  S.S  shows  the  available  radi¬ 
ometer  data  tor  various  pun1,  tires.  A  number  ot  problems  made  sortie  of  the 
recorded  data  questionable.  Kot  instance,  the  two  wide-angle  radiometers 
#1  and  •'«  used  In  earlier  scries  ot  tests  PI  through  <i  were  subsequently 
damaged  and  could  not  he  i-.callbr.ited.  Also,  in  the  calibration,  1  nv  irrn- 
d  lance  was  obtained  by  lowering  the  temperature  .  S  the  black  body  (.resulting 
in  the  change  In  the  spectral  dlstrihut  ion  of  ltnidcnt  energy)  while  In 
field  use  the  decrease  In  the  1  r  r  a.!  1  art .  e  was  caused  bv  the  distance  between 

the  flame  and  the  rad  ictr.ei  c  i  .  A  theoretical  analysis  was  performed  to 

estimate  the  average  t  ran  sol  ■■sl.m  through  the  window,  but  the  results  ob¬ 
tained  bv  this  tneth-st  vatu-,;  vet  \  widely.  1 1>  tl;«  later  dt ’ avr d  ■ i gn 1 1 1  on 
pool  fire  tests,  t  co.i  -  <,  some  of  the  radiometers  were  surrounded  by 
the  flame  and  the  radio™  t>  •  readings  were  oft  stale.  (>ne  of  the  two  narrow- 
angle  radiometers  used  in  tests  el  to  b  was  aimed  too  low  ho  that  the  flame 
coven  d  cmlv  about  hait  ot  the  1  i « - 1  <f  of  view.  Tills  resulted  In  a  verv  low 
measurement  ot  tin  er.lssiv--  ;un.«-:  of  the  flame  (about  half  of  that  measured 
by  another  r.id:  i-im- t  •  t  1.  ext  t"  It,  but  oil-oitcd  in  such  a  wav  as  to 

have  onlv  flame  sur  !  e  !■.  its  •  1 .  I  <!  if  view).  Due  to  several  of  these  un¬ 
foreseen  .  i  roiMt.i.un  i-,  ;!•  ' ..  ar  -unt  of  data  i ’-.at  is  reported  («  this 

section  has  been  pnallv  teduced.  A  complete  package  of  data  gathered  in 
the  teats  Is  given  in  App<  oil'  i) . 

Tests  !  -<  wer*  t  Jtvl  I  ted  prior  ■  anv  data  analysis.  The  analysis 
lndl^ited  several  1  n- ■  t  ur.n  1. 1  ptonlems,  so  additional  tests  were  conducted. 
Tests  #1?-)A  tot  r-Kte  the  sect  ml  ;ert  s  of  tests  where  most  of  the  earlv 
Instrument  problem.-  were  corrected. 


b- 


in' 


Radiometers  2  and  3  which  are  le.  .iterf  at  60  m  and  40  m  from 
nolnt  measure  same  amount  nr  r.idi.int  energv . 


5.4.2 _ Analvsis  of  Narrow-An^le  Rail  iomet  er  Data 

As  pointed  out  earli-T,  t  lie  narrow-angle  ladlotneler  looks  at  a  por¬ 
tion  of  the  flame  and  measures  the  radiated  thermal  flux  from  that  portion 
of  the  flame.  Sliue  the  lleld  ot  view  of  the  radiometers  1 1.  tvptrnllv 
small  (of  the  order  ol  tew  degrees!,  the  measured  thermal  flux  direct  lv 
gives  the  local  emissive  power  ot  the  ilauo. 

In  Figure  S .  1-1*  are  shown  tin'  no. is  ted  narrow-angle  radiometer  data 
for  l.Ntl  test  312.  As  ear.  he  seen  tram  Figure  5 .  1  h ,  the  measured  thermal 
flux  ateadilv  increases  with  t  true  alter  ignition  and  then  remains  talrlv 
constant.  At  about  -.0  seconds  the  measured  thermal  flux  starts  to  decrease 
reaching  a  low  value  ot  about  75  kW/r.’  )ust  before  the  valve  is  closed. 

Then  it  inn  eases  t  apid.lv  to  a  value  l«n  k'W/tid  lust  In  lore  1  he  flame 
dies.  The  cause  t.u  this  late  h:,  t  e  e-  in  t'.ux  r.av  he  dm  t  i  ethane  and 
propane,  Dm  in.  the  .t  ■  a  lv  hnintur  •:  t’.i  I  ,  the  i  id  1  •  mi' t  <•  r  reads  an 

average  flux  it  about  ■> '<  •  ..  ,r:  in-ti  men  i  ptoMov. ,  dat  ,i  from 

the  second  n.i’ t .  w-anc rid.  i  •  .-tit  wi  ’  e  e..‘t  av.it  i  ih  U-  lot  i  otitpar  i  son. 

In  Figure  5.17  ...to  shown  t  lx  me  a  mi.-d  n.lr  l  ow-ang  1  e  j.idiorx>ter  data 
tor  Test  #5.  As  indicate',  f.u  1  h  i  ,  r  ad.  i  ,n  t  <•  i  ••  5  w.o.  a  ined  at  the  spill 
point  and  i  a.li.'titri  we-  aimed,  at  .  -  ai-ov.  the  spill  point  .  ihotofure, 

onlv  about  halt  or  the  tie.d  ot  view  el  tadioinetit  >  was  <  overcd  hv  the 
flame  and  the  r»-.is..»<  d  thirr.a!  t  lux  !  •  !  gn  i  t  t  e  ant  l'  lowet  than  the  flux 

measured  l>v  radt  ,’pi  1 1  i  u,, 
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the  rn.oeit.d,  :vi  i  row-atigl  e  rt»d  1  rune  i  er 
•  tests  1  t  and  14.  As  inn  he  seen 
's'  •  1  iii  ; -iat  <  s  i  ous  i  d.  ei  ah  1  v  for 
•arrest  has  recorded  nothing.  As 

<•••.*  1  ■  anl  I.,  tite  ignited  vapor 

r  .  •  ■  ;  i .  a  1  1  •.  hm  is  1  I  V  e  n  pot ■  1 

!  cw  ■  .1.11.1  e  rad  .  I'mi't  er  is  towards  the 
!th  r  n  iii  i--  -orpleti  lv  i  civet  ed  by 
e.'n.iig  period.  This  is  indicated 
l  ;  iiiometer  data  towards  the  end 
t:  ■:  dming  tills  pi  i  iod  of  hurtling, 
ibl*  values.  This  clem  lv  indicates 
>  w,  -e  ,•  rrecf  and  the  entire  fields 


ct  view  were  i  i>. IT"  i  !'v  tie  ’lame. 


FUTURE  5.1- :  NARROW  ANC-U.  RADIOMETER  DATA  FOR  POOL  FTRF  TEST  #1 
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In  Figure  5.20  are  shown  r.h>  lb  . -..isl  flux  measured  hy  the  nai  low-anRiu 
radiometers  for  various  IJJC.  pool  fire  teats.  Here  we  have  plot  red  the  data 
obtalr.ed  1  ’ urn  r.,Jioiaeter  0ti  for  the  pool  fire  tests  i,  ,  5,  a:ul  t, ,  ludloui- 
eter  #5  for  the  pool  fire  test  #12  and  the  peak  values  registered  hv  both 
radiometer;  #5  and  6  for  the  delayed  ignition  pool  I  i  r»-  test  ft  1  i  and  14. 

Since  the  view  of  the  narrow-angle  radiota-ter  is  completely  ct vered  hy  the 
flam*,  one  can  make  estimates  of  the  emissive  power  of  the  flame  hy  proper¬ 
ly  correcting  for  atmospheric  transmissivity. 

Atmospheric  tl  ansnlsslvity  factor,  t,  (tnouiui.  for  the  attenuation  of 
the  thermal  radlati'n  caused  by  absorption  and  *■•'*(  teiing  along  the  Inter¬ 
vening  path  h\  water  vapor,  carbon  dioxide,  dust  and  aerosol  particles. 

Tills  factor  is  a  complicated  tune  l  ion  of  the  thermal  and  speitrul  charac¬ 
teristics  of  the  emitter  and  the  total  amount  o!  preci pi t able  water  In  the 
path  length  through  the  atmosphere.  (The  amount  of  prccipitnble  water  in 
the  atmosphere  is  directly  related  to  the  relative  humidity.) 

The  LNC  fire  spectral  radiation  differs  considerably  from  that  of  a 
black  body  spectrum.  However,  the  lack  of  data  on  the  nature  of  the  spec¬ 
tral  distribution  of  the  thermal  energy  emitted  from  the  fire  precludes  us 
from  obtaining  the  correct  transmissivity  for  any  given  path  length  through 
the  atmosphere.  To  the  extent  that  the  measured  lrrndlance  haB  to  be  cor¬ 
rected  for  atmospheric  absorption  (and  converted  to  the  flame  emissive  power) 
we  have  used  the  black  body  spectral  t < ansml hh 1 vl t v  curves.  The  variation 
of  atmospheric  absorptivity  with  distance  and  with  relative  humidities  as 
parameters  Is  shown  In  Figure  5.21,  for  a  black  body  source  of  1150  J(.  We 
have  used  this  transmissivity  data  for  correcting  radiometer  1 r « ad  lances . 

Wc  do  recognize  that  this  does  create  some  error  in  the  estimated  value  of 
the  flame  emissive  power.  However,  the  error  is  expected  to  be  smaller 
than  the  standard  deviation  of  the  measured  values.  The  flame  emissive 
power  thus  estimated  are  shown  in  Figure  5.22. 

It  is  seen  that  the  emissive  power  oi  the  flame  is  relatively  Indepen¬ 
dent  of  the  time  during  the  period  of  intense  burning.  Further,  the  emis¬ 
sive  power  does  not  appear  to  be  a  function  of  the  total  duration  of  spill. 
(It  has  already  been  Indicated  that  the  sire  of  the  fire  increases  with 
increasing  spill  rates.)  The  emissive  power  also  does  not  seem  to  be  a  func¬ 
tion  of  LNG  composition  in  the  range  studied.  A  statistical  averaging  of 

2 

the  data  shown  In  Figure  5.22  yielded  a  mean  of  212  kW/rn  as  the  emissive 
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powor  of  the  I  JIG  flames.  The  standard  deviation  of  the  data  shov.i  in  Figure 
5.22  is  about  22  kW/m*", 

5.4.3  Wide-Angle  Radiometer  D.itu 

Several  wide-angle  radiometers  were  located  at  various  distances  ! rom 
the  spill  point  to  measure  the  overall  thermal  radiation  from  the  pool  fires. 
In  Figure  5.1  and  5.2  are  shown  the  exact  location  of  wide-angle  tad  lenders. 
As  pointed  out  earlier,  we  have  not  been  able  to  use  all  t  he  wide-angle 
rad  1  o:ne  t  e  r  data.  In  i.’ihte  5,5  act*  indicated  the  valid  wide-. ingle  rad i » met cr 
data  that  are  analyzed  in  this  section.  The  wide-angle  radiometers  weie 
used  with  tour  different  tvpes  of  windows  as  Indicated  In  Table  5.4.  The 
average  transmissivity  through  the  window  was  calculated  hv  using  the  trans¬ 
missivity  spectrum  of  the  window  and  the  spectrum  of  l.SG  flame  measured  in 
teat  #5.*  The  calculated  average  transmissivities  of  the  radiometer  windows 


are  as  follows: 

Quartz  1 

as 

0.510 

Quartz  2 

- 

0.441 

Sapphi rc 

0.787 

7.nSe 

m 

0.720 

(measured  values  were  in  0.65-0.7  range) 

In  Figure 

5.23 

are  shown 

the  measured  wide-angle  radiometer  data  for 

pool  tire  teat 

#12. 

This  test 

was  run  under  calm  conditions,  so  the  flame 

was  essential  1'.  vertical.  The  radiometers  were  located  at  30  m,  45  m  and 
50  ra  from  the  spill  point.  As  can  be  seen  from  Figure  5.23,  the  measured 
thermal  flux  decreases  steadily  with  Increasing  distance  from  the  fire. 

The  thermal  flux  measured  bv  the  two  radiometers  located  at  45  m  from  the 
spill  point  are  essentially  the  same.  The  radiometers  measure  zero  thermal 
flux  at  the  time  of  ignition  and  steadily  Increase  to  a  stable  value. 

During  the  period  of  intense  burning,  the  fluctuations  in  the  radiometer 
data  appears  to  be  periodic.  It  Is  likely  that  fluctuations  In  visible 
flame  height  result  in  fluctuation  of  radiometer  data.  The  period  of 
fluctuation  of  the  latter,  however,  seem  much  larger  than  the  former. 

In  Figure  5.24  is  plotted  the  time  averaged  thermal  flux  measured  by 
the  wide-angle  radiometers  as  a  function  of  the  distance  from  the  surface 
of  the  flame  for  Test  #12.  Here  we  have  assumed  that  during  steady-state 

*  The  use  of  a  spectrum  recorded  at  236  m  distance  from  the  flame  to  cor¬ 
rect  the  radiometer  data  obtained  within  60  m  does  Introduce  errors. 
These  are  primarily  due  to  the  path  length  dependent  spectral  absorption 
characteristics  of  the  atmosphere. 
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Measured  Theraal  Flux,  kW/m 
(vertical  element) 


burning,  the  flume  shape  ran  be  approximated  by  a  circular  cvlinder  of 

diameter  given  in  Table  b .  J  .  The  average  thermal  flux  was  determined  by 

taking  the  arithmetic  average  of  the  Instantaneous  radiometer  reading 

during  the  period  of  Intense  burning.  Also  indicated  lr.  Figure  S  T4  1 

the  measured  peak  and  low  values  of  the  thermal  flux  from  the  various 

radiometers.  The  slope  of  the  line  passing  through  these  data  points  will 

indicate  the  spatial  variation  of  the  thermal  flux  for  the  specific  flume 

shape  and  sire.  In  Figure  b .  24  are  also  shown  the  predictions  for  test  l>\2 

based  on  two  videlv  used  existing’,  models:  the  inverse  square  law  model  with 

20X  of  the  energy  radiated  and  the  solid  flame  model  with.  H/D  -  3  and  F.  •  100 
2 

kW/m  .  As  can  he  seen  t  ron  Figure  b.24,  the  measured  variation  In  thermal 
flux  it  closer  to  the  solid  grev  emitter  model  than  the  inverse  square  law 
model.  The  data  art  reasonably  well  modelled  if  one  uses  F.  r  gcu  kb'/tu"" , 
li/D  ■  3.1  from  Thomas'  equation  tor  a  regression  rate  of  .  3  x  Itl'^  m/s, 
and  maker,  allowance  tor  attr.osphor  i*  ah;. option. 

For  the  earlier  series  o!  pool  :(:e  tests  1  through  h  ,  the  data  obtained 
hv  on  1  v  two  radioroe  tern  are  valid.  These  two  rati  1  otnet  e  rs  are  located  at  40  m 

snd  60  m  t  rom  the  spill  point,  hut  measure  essettl  i  a  1  1  v  t  he  same  amount  of  in¬ 

cident  thermal  radiation  t eve  re  t.-.t.  Fat  i  •••  '■  an  e,  in  test  #5,  the 

i 

radiometer  located  at  40  tr.  measured  an  aviiage  tins  ot  \b.b  kV/tn*,  with  a 
peak  and  low  values  t  ‘.d.’  gW'ir*  and  1  .’ .  V  kW 'n‘  respectively.  The  radiom¬ 
eter  located  fit1  n  from  t  Ire  spill  point  nc.isurm!  an  average  oi  is. 4  kW/m' 

d  a 

with  a  peak  anc.  low  values  t  1 ') .  t<  kV,'/m"  and  11.0  kW/m‘  ,  re  spec  t  i  ve  1  v  . 

Such  n  spatial  dlst t ihut ion  tf  thermal  rad1ati<  i  at  far  off  distances  does 
not  correspond  with  ’ft  tier  » he  inve.tse  square  law  or  the  geometrical  flame 
model  variations.  Horn  e,  we  have  iv  '  used  tlu  s-  at.i  In  pal  ing  cst  ir.io  s 
of  the  missive  powc  .  t  •  i,<  t!  i-u  ,  ■,  in*  ••  an  unexplained  instrument  problem 
seems  like!'.. 

Tiii-  solid  fla-i-’  rx‘!<’l  •>  •-rs,.  ■  •  at  the  flame  takes  a  specific  gnome  t  - 
li*'  shape  an*!  i  nils  i  u!  ia;  i*.-  -i  1  on  t  a*  e  at  a  known  rate.  Ttie  radi¬ 
ative  heat  flux  (u "  l  . . .  bv  ni  *  l.-nev.*  at  a  distance  from  the  flame 

m« .-  he  calculated  t“-'n,'.  •  te  <  1'i'wtiip.  expression: 

<i"  -  V  -  1.  (S.4) 

Here  rnc  geometric  view  <.«■  *oi  ,  F,  ropiest  tits  the  fraction  of  energy  radi¬ 
ated  from  the  fire  vh.iih  is  intercepted  bv  the  object.  The  geometrv  of  the 


>- 


large  -srule  tires  is  general lv  assumed  to  be  a  ciccul  a  ylinder.  Tne 
variation  ot  the  geometric  view  tailor  with  vlindet  heigh!  nod  ulst.iii  e 
flora  the  ,  fill  I"-  •  t  ho  tire  Is  given  by  Ra  1  (1977*  .  la  tin  computation  of 
these  view  taitois,  i  t  is  assumed  that  the  angl.  of  view  Is  lfW’"  .  Since 
tile  a>  fi.il  angle  of  View  of  wide-angle  rad  iotne  ters  is  150°,  a  correction 
sliould  te  applied  to  the  view  fartirs.  This  torus  t  lot;  term  is  as 
t  ol  lows  : 


y 

r 


(5.5) 


where  "  is  ti.e  semi-rone  angle  o!  the  radiometer.  For  <•  »  75°,  the 

max  max 

correct  ton  fact. a  beeoi.es  0.931.  Therefore,  the  actual  view  factor  between 


the  fire  and  the  tadlometer  la  given  by: 


¥ 


K  /F 
n  r 


(5.6) 


where  F  Is  the  value  of  view  factor  obtained  from  the  equation  applicable 
a 

tor  !  9it°  view  elements  (RnJ  ,  1977). 


Tin  variation  of  r  ho  atmospheric  transmissivity  factor  i  with  distance 

Is  already  shown  In  Figure  5.21.  In  principle,  it  Is  possible  to  determine 

the  emissive  power  of  the  flame  knowing  the  Instantaneous  values  of  q" ,  F 

and  r.  In  Figure  5.25  art'  plotted  the  computed  emissive  powers  of  the 

flame  tor  i.Nu  poet  tire  lest  #12  using  the  wide-angle  radiometer  data.  As 

cm  be  seen  fron  Figure  5.25,  the  emissive  power  calculated  using  different 

2 

wide-angle  radi  inset  ers  read  an  average  value  of  about  200  kk’/m  and  have  a 
...  .it ;  ei  o:  about  10  kW/tr."  during  the  Initial  stages,  of  burning.  Both  the 
Magnitude  o f  the  emissive  power  and  the  scatter  in  the  data  Increase 
during  the  later  stages  of  burning.  The  increase  in  magnitude  of  the 
emissive  power  c..:i,  at  least  in  part,  be  attributed  to  the  Increase  In 
luminous  sect  radiation.  The  Increase  in  the  scatter  of  the  measured 
data,  may  be  due  to  larger  fluctuations  in  the  flame  height  and  width. 

During  t he  period  of  Intense  burning,  the  average  value  of  the  emissive 

2 

power  of  the  flame  for  the  pool  fire  test  #12  was  estimated  to  be  220  kW/m  . 

*■> 

The  variance  of  the  measured  data  is  about  47  kW/m  .  The  highest  value  of 

2 

emissive  power  estimated  using  this  procedure  was  292  kW/tr,  and  this  was 
measured  bv  the  ladirwneter  located  at  3C  m  from  the  spill  point.  The 
flame  height  at  this  instance  was  about  57  a. 
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In  Teste  |2  and  13  involving  pool  fires,  wooden  etekee  were  provided 
et  different  distances  f roe  the  center  of  the  spill.  Ths  purpose  of  pro¬ 
viding  these  stakes  was  to  observe  the  sons  within  which  wood  would  ignite 
spontaneously  fron  the  thermal  radiation  from  the  fire.  In  other  words, 
the  stakes  were  used  ee  additional,  paselve,  radiation  measuring  instru¬ 
ments. 

The  stakes  were  construction  grade  timber  of  croee  section  4  cm  x  3.5 
c*.  These  were  used  in  "as  available"  condition  and  no  attempt  was  made 
to  pretreat  the  wood  in  any  way.  These  stakes  were  driven  into  the  soil 
in  the  pond  such  that  about  0.5  a  of  the  stake  length  would  be  projecting 
out  of  the  water  surface.  Initial  attempts  to  place  the  stakaa  at  uniform 
epaclngs  fron  the  spill  center  failed  due  to  practical  difficulties.  Tha 
actual  dlstancae  are  shown  in  Table  5.6.  The  general  direction  of  the  line 
of  stakes  was  from  the  center  of  spill  towards  the  HE  corner  of  tha  pond. 

Tha  atata  of  charring  of  tha  dlffarant  stakes  aftar  tha  tasta  #12 
md  #13  la  indicated  in  Table  5.6.  Plate  5.1  shows  the  degree  of  charring 
of  stakas  located  at  different  distances  from  the  center  in  test  #12. 

Test  #13  wss  a  delayed  ignition  pool  fire  test  in  which  the  vepora 
initially  covered  the  downwind  part  of  the  pond  before  ignition.  It  ie 
felt  that  the  fire  in  this  test  swept  past  the  wooden  stakes.  Hence,  the 
charring  date  from  test  #13  are  not  considered  in  this  analysis. 

From  tha  data  of  test  #12,  it  is  seen  that  the  Stake  #4  located  at 
18  m  from  tha  center  doea  not  saem  to  have  ignited;  only  a  alight  blackening 
of  the  surface  can  be  observed  with  beginnings  to  char.  This  can  be 
Hiiinii  to  represent  the  distance  to  unpiloted  ignition  of  wood. 

The  mean  fine  emissive  power  can  be  inferred  If  we  assume  that  epos- 

2 

taneous  ignition  of  wood  occurs  at  about  30  kW/m  (Lawson  and  SlaaM,  1953). 
However,  ve  note  that  this  Is  the  Ignition  criterion  for  long  durations 
of  exposure.  Whet  constitutes  "long"  duration  la  somewhat  uncertain.  For 
ahort  exposure  tinea,  ignition  sees*  to  be  effected  more  by  the  total 
amount  of  energy  absorbed  by  wood  rather  then  by  radiant  energy  flux  alone. 
The  calculation  presented  bslov  should,  therefore,  be  construed  as  giving 
nn  approximate  value  for  the  flame  emissive  power. 
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FI  amt-  Ktaisslvt1  Fowl-  r  C'a  1 c ulations 

Measured  radius  ti  10  kW/tiT  (wood  ignition  distune 

Mean  flame  height  ‘'-ring  steady  burning  period 
(see  See t ion  5.  , 

Flame  base  radius  (R) 

View  faetor  (F)  between  a  fire  wlileh  has  H/R  - 
7.8b,  and  a  vertical  element  on  the  ground  at 
X/R  «2.6(for  a  table  ol  view  faetor  values  see 
Ra 1  (1977)). 

Hence,  the  emissive  power  of  flame  -  K  - 

In  the  above  calculation  we  have  ignored  the  effect  of  atmospheric 
absorption.  This  may  be  justifiable  because  the  distance  between  the 
flame  surface  and  the  location  of  the  stake  is  only  a  few  meters.  We 
note  that  the  stakes  receive  significant  part  of  the  energy  from  the  lower 
portions  of  the  flame.  We  are  uncertain,  however,  of  the  effect  of  the 
proximity  of  the  radiation  path  to  the  water  surface  and  its  effect  on  the 
at : enuat Ion . 

The  second  parameter  that  Introduces  uncertainties  In  the  estimation 
ot  the  emissive  power  is  the  flame  diameter.  In  the  above  calculation 
we  have  used  a  mean  value.  However,  It  was  noticed  In  all  pool  fire  tests 
that  the  flame  base  was  not  circular  but  bad  a  star  shape .  It  is  conceiv¬ 
able  that  the  flame  was  much  closer  to  the  stakes  than  Is  Implied  by  a 
mean  diameter  (l.c.,  an  apex  of  the  star  mav  have  been  In  the  direction  of 
the  line  of  stakes.  It  Is  hard  to  tell  this  from  the  movies.).  If  this 
Is  the  rase,  the  above  calculation  over  estimates  the  flame  emissive 
power.  The  two  errors  have  fortunatelv  compensatorv  effects. 

We  note  that  the  emissive  power  estimated  above  Is  somewhat  lower 
than  the  emissive  powers  estimated  using  narrow-angle  arid  wide-angle 
radiometer  data  fot  test  1  2 .  It  is  conceivable  that  the  slight  charring 
ol  stake  <•  .«  resulted  f  rom  the  maximum  emission  f  rom  the  flame  (which 
occurs  towards  the  end  of  tin  burning  time  because  of  increased  soot). 

2 

There  is  some  into  e  r  t  a  i  it  t  v  In  spec  living  which  stake  represents  the  10  kW/m 

ignition  flux.  For  example,  if  stake  #3  (located  at  21  tn)  is  assumed  to 

represent  t  he  unpiloted  Ignition  situation  instead  of  stake  1  at  18  m, 

2 

then  tlie  calculated  emissive  power  would  he  183  kW/m  .  This  value,  however, 
is  much  closer  t o  the  average  emissive  powers  estimated  using  radiometer 
d  a  t  a  . 


■a)  X  -  18  tn  (in  test  ('12) 

li  ■  44  m 
■7m 
-  0.193 


30  kW/m* 
0. 193 

-  155  kU/ra 


2 


3  - 1 2 


Th«  conclusion  f  roe.  the  wooden  a  take  data  can  be  expressed  in  general 
carta;  thac  the  sstlJtated  emissive  power  of  the  fire  la  approximately 
185  kW/n»2. 

5.5  DISCUSS10H  OF  RESULTS 

In  the  preceding  parts  of  this  section  we  have  presented  data  and 
aralyalH  of  the  geometric  and  the  thermal  radiation  characteristics  of  LNC 
p>ol  fires  on  water.  In  summary  we  wlah  to  discuss  some  of  the  salient 
results  obtained  and  to  Indicate  the  limitations  of  the  snelyses  that  have 
been  performed. 

In  order  to  calculate  potential  hazard  zones  resulting  from  e  LNC  pool 
firs,  two  fundamental  characteristics  of  pool  fires  need  to  be  evaluated.  The 
first  one  Is  the  geometric  description  of  the  pool  fire,  namely^,  the  mean  diem 
eter,  height,  end  shape  of  the  flame.  The  second,  even  more  Important  param¬ 
eter  that  needs  to  be  defined  la  the  emissive  power  of  the  flams.  Using  the 
motion  picture  date  we  wars  able  to  arrive  at  the  geometrical  description 
of  the  pool  fire.  Wc  also  noted  that  there  were  considerable  uncertainties 

In  the  measured  dimensions  of  the  pool.  In  addition,  tha  rata  of  burning 

was  calculated  using  the  duration  of  intense  burning,  which  wea  determined 
from  the  notion  picture  data  and  the  thermal  radiation  data.  Thera  la 
considerable  uncertainty  In  determining  the  length  of  this  period  — 
especially  In  the  shorter  tests. 

In  this  section  we  have  attempted  to  perform  a  sensitivity  Analysis 
on  the  measured  data  for  pool  fire  test  #12.  The  measured  quantities  for 
this  particular  test  are  as  follows: 

Quantity  of  LNG  spilled  ■  5.68  m^ 

Duration  of  spill  •  Cl  seconds 

Measured  average  diameter  *  14.1  m 

Measured  duration  of  intense  burning  "  75  ecconde 

Since  the  measured  pool  dlametsr  Is  eubjet  t  to  errors  In  measurement  tech¬ 
niques,  we  have  perturbed  the  diameter  by  1.5  m  (which  corresponds  to  about 
102)  over  the  mean.  The  duration  of  actual  burning  is  likely  to  be 
between  the  duration  of  Intense  burning  and  the  total  duration  of  the  spill. 

In  Table  5.  7  la  shown  the  effect  of  variation  of  those  parameters  on  tha 
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TABI.K  5.7 


SKSSITIVIIV  ANALYSIS  OS  I.SG  POOL  FIRE 
TEST  >12  DATA 


Assumed  base 
Diameter,  re 

Assumed 

Durat ion 
of  Burning  ( 

Burning  Rate 
m/ s  x  1 0* 

Predicted 

Mean 

Flame 
Height,  a 

SI 

«-n 

fo 

46 

12.6 

7S 

5 . 84 

47.1 

75 

6.07 

48.2 

81 

4.4  9 

43.3 

14.1 

78 

4 . 60 

44.3 

7S 

4.HS 

43.4 

81 

5.67 

41.1 

1  T> .  6 

78 

5.81 

42.1 

7  5 

3.96 

43.1 

Measured  mean 

he i giit  >if  the  flame 

*  44.0  re . 

Variance  of  the  height  ot  tin*  flnme  “  6.3  n. 
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predicted  average  visible  height  of  the  flame  using  Thornes'  correlation. 

As  can  be  seen  from  Table  5.7,  the  predicted  flame  heights  ere  net  very 
sensitive  to  the  variation  In  diameters  or  the  duration  of  burning.  Also 
indicated  in  Table  5.7  is  the  aaaaured  mean  and  variance  of  the  visible 
flame  height  for  Teat  #12.  We  note  that  all  the  predicted  flaae  belghta 
are  well  within  the  standard  deviation  of  the  measured  flame  height  date.  There¬ 
fore,  it  is  possible  for  ua  to  conclude  that  Thomas'  correlation  pre¬ 
dicts  Che  mean  height  of  the  visible  flame  very  well  when  the  proper 
burning  rates  are  used-  which  brings  ua  to  the  question  of  defining  the 
proper  burning  rcte. 

It  was  pointed  out  earlier  in  Section  5.2  that  the  eatlaated  rates 
of  burning  Indicated  a  tendency  to  increase  with  the  spill  rate.  This 
imp Ilea  that  the  maximum  diameter  is  not  as  strong  a  function  of  spill  rate 
ee  would  be  predicted  froa  e  simple  evaporation  modal  of  the  problem. 

In  fact,  one  would  expect  to  see  an  increase  in  spill  dimensions  with 
increase  of  spill  rate,  the  dimensions  being  maximum  for  an  Instan¬ 
taneous  spill.  Therefore,  the  apparent  increase  in  the  burning  rets  is 
not  caused  by  the  increase  in  spill  rate,  but  possibly  by  increased 
velocity  with  which  a  Jet  of  LHC  impinges  on  to  the  water  aurfaca. 

Whenever  an  immiscible,  buoyant,  cryogenic  liquid  la  released  at  loa* 
velocities  in  the  fora  of  a  vertical  jet  on  to  a  water  surface,  the 
liquid  jet  penetrates  the  water  eurfece,  sink*  to  s  certain  depth, 
rises  clue  co  buoyancy  force*  and  then  spreads  and  evaporates  simul¬ 
taneously.  If  we  assume  that  the  heat  transfer  rate  from  water  to 
the  liquid  la  constant,  than  the  total  evaporation  rate  is  dependent 
on  the  aurface  area  of  the  liquid  pool.  However,  if  the  velocity  of 
the  liquid  jet  ia  large,  the  jet  penctretss  the  water  surface  to  con¬ 
siderable  depth  and  part  of  the  liquid  breaks  up  Into  globules.  The 
reiaalnder  of  the  liquid  rises  to  the  surface  and  spreads  radially. 

The  total  amount  of  liquid  evaporated  la  the  sum  of  liquid  evaporated 
from  the  pool  surface  and  the  globules  which  evaporate  due  to  heat 
transfer  froa  their  surfaces.  Hence  the  total  quantity  of  liquid  evap¬ 
orated  is  larger  than  the  quantity  computed  using  the  dimensions  of  the 
pool.  This  phenomenon  ia  further  augmented  by  the  steel  plate  located 
directly  below  the  apill  point  nt  the  NWC  test  facility.  While  it  ia 
not  possible  to  make  quantitative  estimates  of  the  site  and  the  total 
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quantity  of  liquid  In  the  shape  of  globules,  It  Is  reasonable  to  assume 

that  the  total  quantity  will  increase  with  the  jet  velocity  g[nd  this  may 

\ 

explain  the  observed  increase  In  evaporation/buming  rate.  However,  flame 

ft 

height  Is  a  function  of  actual  vaporization  rate,  so  the  use  of  the  apparent 
value  in  Thomas'  correlation  la  valid. 

The  second  quantity  which  is  desired  from  the  analysis  of  the 

thermal  radiation  data  is  the  "emissive  power"  of  the  LNG  flame.  The 

narrow-angle  rad  tome  tors ,  whose  field  of  view  arc  completely  covered  by 

2 

the  flame  surface  measure  an  average  emissive  power  of  about  212  kW/m 
for  the  lower  parts  of  the  fire.  Since  the  narrow-angle  radiometers 

arc  viewing  only  the  lower  part  of  the  flame  In  all  the  tests,  the 

2 

sc  'tter  in  the  measured  data  is  not  very  large  (about  20  KW/m  ). 

The  wide-angle  radiometers  measure  the  thermal  flux  received  by  the 
vortical  element  r '  the  radiometers.  The  emissive  power  of  the  flame  may 
be  hack  calculated  bv  assuming  the  flame  to  he  n  solid  grev  emitter.  As 
pointed  out  earlier,  we  have  the  wide-angle  radiometer  data  only  from 
test  #1?  and  the  emissive  power  calculated  using  this  procedure  Bhows  a 

2 

wider  scatter.  The  average  emissive  power  was  estimated  to  be  220  kW/m“ 
find  the  scatter  was  about  47  kW/tn*. 

For  the  pool  fire  test  012,  the  mean  emissive  powers  computed  uslnR 
t! arrow-angle  and  wide-angle  radiometer  data  agree  very  well.  However,  the 
•ic.it  ter  >n  the  emissive  power  computed  using  wide-angle  radiometer  data 
Is  nearlv  twice  the  scatter  in  tin*  not  iww-angle  r.i  1 1  omet 'ir  data.  This 
'  ,u  ge  variation  le  the  computed  emissive  power  Is  partially  due  to  the 
asr.'.mpt  ions  -.wide  ■  .go  rd  1  r.  g  the  shapt  and  sire  of  the  flame.  In  computing 
the  geometric  view  factors,  we  have  assumed  that  the  flame  Is  a  solid 
cvlimlrlenl  bodv  emitting  iqually  in  all  d  1 1  <•«•  t  Ions.  But,  In  practice, 
the  !  lane  Is  not  a  «  •  i  1  in.’ leal  emitter  and.  In  fact,  tends  to  pulsate. 

Tin  laige  turbulent  t  ,-s  rising  fro:.,  the  lower  part  of  the  flame  tend  to 

dlstof  the  lateral  dimensions  of  the  flame.  The  narrow-angle  radiometers, 
he  virtue  of  vtiwirg  unlv  part  ol  tie  flame,  mnv  not  be  very  sensitive  to 
*  he  flame  st?.*  variation.  ih.l  tin  theiual  flux  measured  by  wide-anRle 
rsd  1  ox'  t  .r  s  t affti.ted  by  these  pulsations  In  the  lateral  and  vertical 
dimension’,  ot  the  flame. 


. •"-»  4 

1 
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ihsln.  „lu‘  narrow-angle  radiometer  data  arid  the  measured  visible 
flame  gfuisfC  t  v  wi-  li.ni  calculated  the  percent  .if  total  combustion  energy 
which  ►.  t:  i  ad  i  a  f  i- 1  ,ut  ot  the  flame.  The  results  are  shown  in  Table  5.8 
.t'.ui  ate  ;  lc';.'!  i:  figure  5.2 6  against  the  spill  rate.  Also  plotted  in 
'  he  tlgme  is  a  «  utvc  ,  which  indicates  the  fractional  eneigy  radiated 
I  rom  a  lire  whl  ’l.  has  constant  diameter  and  emissive  power,  but  whose 
helgnt  varies  with  spill  rate.  In  most  of  the  present  aeries  of  teats 
the  diameter  retained  almost  a  constant.  An  extremely  interesting 
ocseivat ior.  can  oo  made  from  the  results.  As  the  spill  rate  Increases, 
tie  traction  ot  :  ;.e  energy  tadlated  decreases.  A  physical  explanation  for 
this  'ou Id  h<  that  not  all  ot  the  vapors  produced  bv  the  evaporating  pool 
part  ic  ipat  e  it-,  combust  Ion ,  and  the  faster  they  are  liberated,  the  lees  the 
chance  for  combustion.  burgess  and  Zabstmkis  (1962)  also  found,  in  much 
smaller  scale  experiments  (0.38  m  diameter)  involving  the  spill  of  LNG  onto 
a  warm  trav,  that  about  70%  of  the  vapor  generated  initially  did  not  par¬ 
ticipate  In  combustion. 

The  quest  Ion  still  remains  as  to  what  happens  to  the  vapor  that  la 
gcticiaied  bv  the  helling  of  LNO  on  water,  but  which  seems  to  escape  uncom- 
busted.  bulges.  in. s  .'abetnV.is  (1962)  infer  from  their  results  that  these 
vap.'is  mix  witt.  .hi  and  get  diluted  below  the  lower  flammable  limit  and, 
t;ier«  ti  te,  escape  unhutmd.  Tills  hypothesis  which  may  explain  an 
extreme U  transient  phenomenon  (such  ab  occurred  in  Bureau  of  Mines' 
expel  Intent  i  -nv  not  ptovldc  an  adequate  physical  description  for  a  long 
duration  i.Vi  fir*  .  This  is  hecaubc  the  vapors  liberated  continuously 
1  i  OTr‘  i’'’ol  ati  It.'.  licit  and  when  they  mix  with  enough  air  at  the 
•Iges  and  reach  flammable  concentration,  the.  are  likely  to  burn. 

Besides  tin  flow  of  air  is  radial] v  inward  and  hence,  no  vapor  can 
escape  on  the  Outside  of  the  fire. 

A  more  logtr-al  explanation  could  be  provided  if  we  assume  a  core  of 
rich  vapor  that  rises  In  the  middle  of  the  visible  fire.  This  core  may 
net  burn  in  the  init  ial  stages  because  it  is  starved  of  oxygen  (the 
reaction  taxing  place  on  the  outer  shell  of  the  cylinder).  Subsequently, 
tills  itii.l  ri  h  core  mav  be  mixed  with  the  inward  flowing  combustion  pro¬ 
ducts  and  rendered  non-combustible  even  if  it  mixer  with  the  right  nropor- 
t  ion  of  air  it  the  higher  elevations  of  the  fire.  The  net  result  is  that 
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a  substantial  part  of  the  vapor  produced  goes  at  the  top  of  the  fire  un- 
combusted.  This  model  essentially  miles  that  the  fire  is  a  cylindrical 
shell  of  reaction  lone  with  an  innv  :ore  that  Is  relatively  cool  (compared 
to  the  combustion  rone  temperature) .  Perhaps  this  may  even  explain  the 
emission  that  was  observed  in  the  3  -  4  via  band  from  warm  optically  thick, 
hydrocarbons  (see  Figure  4.7),  observed  in  the  spectrum  of  the  pool  fire 
in  test  #5.  Test  #5  is  one  of  the  high  rate  of  spill  tests  and  therefore 
the  inner  vapor  core  could  be  c-f  substantial  dimensions.  That  would  explain 
the  high  optical  thickness  (which  is  generally  a  representation  of  physical 
thickness  and  the  concentration).  Since  we  are  basing  this  inner  warm 
vapor  core  hypothesis  on  onlv  indirect  data,  it  should  be  construed  as 
being  only  tentative.  Certainlv,  more  direct  measurement g  within  the 
fire  could  shed  more  light  on  this  issue. 

CONCLUSIONS 

The  main  conclusions  of  the  analysis  of  the  pool  fire  data  are  as 
follows : 

(i)  For  continuous  release  spills  the  maximum  diametsr  of  the 

poo!  f  1  rc  l;  does  not  Increase  with  spill  rate  as  rapidly  as 
would  be  predicted  by  a  model  assuming  a  constant  burning 
rate  on  water.  In  the  highest  spill  rate  tests,  the  burning 
rate  was  higher  than  anticipated,  probably  due  to  increased 
heat  transfer  area  caused  by  the  fragmentation  of  liquid  by 
the  spill  jet . 

(11)  Thomas'  correlation  yields  good  agreement  with  measured 

visible  flame  heights  when  the  apparent  burning  rates  are 
vised . 

(ill)  The  avoiage  emissive  power  of  the  bottom  part  of  the  flame 

*> 

was  computed  to  bt  about  212  kU/nT  vising  narrow-angle 
radiometer  data  of  all  the  pool  fire  tests.  The  wide-angle 
radiometer  data  of  pool  fire  test  #12  indicated  an  average 
emissive  power  of  about  220  kK/m''.  However,  the  scatter 
in  the  wide-angle  radiometer  data  of  test  *1?  was  about 
four  times  the  scatter  in  the  narrow-angle  radiometer 
data  for  the  sam»  test. 

(ivj  The  wood  charring  data  indicated  the  average  emissive  power 

2  2 

of  the  flame  for  test  #12  to  be  between  135  kW/m  and  185  kW/m 
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(<v)  T'ie  fraction  of  total  e-*afcuation  energy  radiated  la  between 
12.11  to  27.11  for  rapid  apill  testa  and  31. SX  for  the 
blower  spill  test,  Tbere  ism  to  be  a  atgnlflcant  effect 
of  the  spill  rate  on  the  fraction  of  energy  radiated.  The 
highci  the  spill  rate,  the  lower  the  fraction  ealtted  aa 
thermal  radiation. 
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fe.O  ANALYSIS  OF  LNG  VAPOR  FTRES 


6.1  INTRODUCTION 

The  previous  section  focused  on  pool  fires  where  LMG  was  spilled  in 
the  pond  and  was  immediately  ignited,  resulting  in  a  turbulent  diffusion 
flame  stationary  over  a  pool  of  vaporizing  LNG.  In  this  section  another 
type  of  fire  Is  analyzed.  The  LNG  la  spilled  onto  the  pond,  but  Is  not 
ignited  immediately.  The  spilled  LNG  forms  a  pool  that  vaporizes  due  to 
heat  transfer  from  the  water.  The  vapors  arc  then  entrained  by  the  pre¬ 
vailing  wind,  first  over  water  and  then  over  land.  The  vapors  are  ignited 
later,  at  about  70  m  downwind  of  the  spill  point.  A  fire  then  spreads  back 
through  the  vapor  cloud  and  hence  It  is  described  as  a  "vapor  fire." 

Controlled  vapor  fire  tests  involving  spills  of  LNG  on  water,  disper¬ 
sion  of  vapors  and  their  subsequent  ignition  have  not  been  conducted  before. 
Only  tests  on  land  have  been  performed  and  even  In  these  tests,  there  were 
no  M«auroa*nt«  of  thermal  radiation  from  the  f Iron .  Hence,  the  principal 
objective  of  the  vapor  fire  test  program  w«a  to  perform  relatively  large- 
size  field  testa  of  vapor  fires  on  water  so  as  to  characterize  the  fire 
behavior  and  its  thermal  radiation  output.  The  ultimate  objective  of  this 
part  of  the  program  is  to  improve  the  state  of  the  art  in  the  assessment 
of  the  potential  hazards  from  v.tpor  fires. 

Six  vapor  file  tests  were  carried  out  in  which  about  equal  amounts  of 
LNG  (4.4  to  5.5  m^)  were  spilled  in  the  center  of  a  50  x  50  x  1  m  pond. 

The  spill  durations  were  comparable  for  all  tests  (65  to  85  s).  The  instru¬ 
mentation  Included  movie  cameras,  wide- and  narrow-angle  radiometers,  and 
hydrocarbon  gas  analyzers. 

It  was  found  that  vapor  fires  spread  close  to  the  ground  in  the  form 
of  «  propagating  plume  flame.  The  experiments  did  not  Indicate  that  LNG 
vapors  burn  in  the  form  of  a  fire  ball.  Three  stages  of  fire  development 
were  Identified.  First,  a  transient  turbulent  flame  (initially  premixed 
and  later  diffusive)  spread  through  the  portion  of  the  cloud  over  land 
while  increasing  in  size.  The  flame  speed  relative  to  the  vapors  ranged 
fro®  8  to  17  m/s,  increasing  with  an  increase  in  wind  speed.  This  result 
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is  consistent  with  previous  studies  of  vapor  fires  on  land. 

Secondly,  us  the  il.irit-  approached  the  pond  edge,  its  advance  and 
growth  ceased,  producing  a  steady,  stationary  turbulent  dll  fusion  1  lame 
inclined  at  about  35  to  45°  from  the  vertical  under  the  effect  of  wind. 

This  flame  was  bright  orange  in  color  with  a  width  roughly  three  times  its 
inclined  length.  The  flame  persisted  at  the  edge  of  the  pond  for  about 
half  the  fire  duration  Yielding  the  maximum  thermal  radiation  output  at  a 
fairly  constant  level. 

During  tills  stationary  stage  of  the  fire,  time-averaged  overall  emissive 

2 

powers  were  estimated.  The  values  ranged  from  10s  to  320  kW/m  for  the  wide- 

2 

angle  radiometer  data,  and  183  to  260  kW/m*'  for  the  narrow-anRle  radiometers 
(pointed  at  the  flame  base).  The  wider  spread  of  the  wide-angle  radiometers 
data  can  he  attributed  to  uncertainties  in  the  calculation  of  view  factors 
between  the  tlarie  and  rad  i  erne;  i  i  detectors.  View  tactors  are  needed  In  reducing 
the  wide-angle  radiometer  data  hut  not  t « > i  narrow-angle  data .  lhe  average 
emissive  power  based  on  all  radiometer  data  (fourteen  measurements)  was  210 
kW/m~  +  30X  (standard  deviation). 

The  final  stage  of  the  vapor  fire  was  a  transient  burn-out  where  the 
flame  moved  towards  the  l.NC.  pool  on  the  pond.  The  fire  eventually  resembled 
a  pool  fire  with  sootv  and.  reddish  flamer. 

lhe  a  for  fiat ioned  h.havior  of  the  vapor  fire,  consisting  of  a  rapid 
!  bine  spread  In  the  vapors  over  land  followed  hv  a  stationary  burn  at  the 
c  ige  of  the  pond  (over  water)  for  a  significant  duration  and  finally  a 
reconiinued  .urea!  over  w.  tei  t  <>  t  tie  spiii  point,  singularly  distinguishes 
tills  tire  I rnm  the  vapor  : i res  that  have  been  observed  over  land.  In  the 
•  ;,.r  ,  ,,.ic,  t  o  *  i  t  ipr  o  ids  e  '-it  v  e  us  towards  tin  s;  1  1  1  point.  Although 
we  .  i  j  ■  o  i  seveiul  !,vp  t he s  •  s  to  Interniei  tills  behavior,  further  study 
*.  n,  ‘...i  •  ’.•*  oTnltu-  wiuttier  it  is  intrinsic  to  vapor  fires  on  water  or 

m  i  1  v  a  .ini'  .  •  •  is  ■  i  .  i  ■  ■  uid  1 1  i  in  i  at  China  I  ski  -  .  Spei  i  f  U  let  onrnen- 

dl!  Ions  on  .ututi  w,  rk  ar*  given  in  this  sect  ion  as  appropr  iat  e . 
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Six  vapor  fire  tests  were  conducted  at  China  Lake.  The  conditions 

for  these  tests  are  listed  in  Table  6.1  including,  date  and  time  of  tost, 

amount  and  duration  of  the  apili,  the  chemical  composition  of  the  1.NG ,  the 

time  of  flare  ignition,  the  ambient  temperature  and  relative  humidity ,  and  the 

wind  speed  and  direction  at  the  pond  and  the  bunker.  As  these  tests  were 

3 

essenti  illy  repeat  tests,  the  spilled  volumes  v4.4  to  5.5  m  )  and  tho  spill 
durations  (65  to  85  a)  were  not  varied  signit icnntly .  Therefore,  these 
two  parameters  are  not  expected  to  affect  the  results.  ( The  tests 
we  I e  repeated  until  complete  sets  of  successful  measurements  were 
obtained,  namely  in  LNC  16  and  17.)  However,  the  time  between  spill 
and  ignition  and  t  In*  wind  speed  varied  significantly  between  tests 
(from  2d  to  t>4  seconds  and  from  4.1  to  7.2  m/a,  respectively).  We 
have  examined  the  effects  of  these  variations  on  the  lesults. 

Table  6.1  gives  the  atmospheric  stability  estimated  for  the  wind 
and  insolation  conditions  ir.  each  teBt  ,  according  to  the  procedure  of  Slade 
(1968),  Note  that  the  atmospheric  stability  varied  from  neutral  (D)  to 
moderately  unstable  (B) .  Table  6.1  gives  also  the  amount  of  atmospheric 
preclpl table  water  estimated  for  the  ambient  temperature  and  relative 
humldltv  it',  tact;  ’est  ,  according  to  the  procedure  of  Hudson  (1969). 

The  Instrumentation  consisted  of  cameras,  wide-  and  narrow-angle 
radiometers  (as  for  the  case  of  the  pool  fire  tests),  and  hydrocarbon  gas 
sensors  .  iiu*  ice  .it  i on s  c*  f  inst foments ,  scale  markers  and  flares  are 
shown  in  plot  plnnB  in  Figure  6.1  and  6.2.  Separate  figures  are  given  for 
test  Nos.  8  to  11  and  Nos.  16  and  17,  respectively,  to  illustrate  minor 
differences  in  the  locations  of  the  radiometers  and  the  presence  of  an 
extra  radiometer  (No.  7)  in  the  later  tests. 

The  wind  direction  for  e<,ch  rest  is  also  shown  in  Figure  6.1  and  6,2. 
Note  that  the  variance  from  the  general  prevailing  wind  direction  is  smaller 
for  tests  9,  in,  16,  and  17  and  larger  for  tests  8  and  11. 
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TABLE  6.1 

TEST  CONDITIONS  OF  VAl'OK  FIRE 


1  LSI  No. 

HEM 

Date  o!  Test 

Tine  of  Tost  (Hi.,  Min.) 

IT*;  Composition: 

Mi  thane  ' 

Ethane  t 
t’ropane  ' 

!!  1  gher  IMr.vu'oi:  * 
Nitrogen 

op  i  1  1  f*.u  .»»«•  f  e  I  s  ; 

Vo  1  urn,-  Sp  1  1  led  ,  (m  ') 

S,.  t  1  I'ur.i t  i on  ,  Is) 

Rate  of  Spill 

Its.,  o  ■  i  gn  1 1  i  on  piltot  s  p  t  1  1  )  ,  si 

AriE  i  rut  ( Ytiit  l  t  1  ons  ; 

All  1  eP:  pel  .it  tire  ( 'V  ) 

Rel.lt  iVe  t’ulr  l .!  1 1  (X  I 

Wind  Speed  n;  Find  (m  ••  > 

* 

••'Ini’.  .  i  e  t  ;  on  !..£  i 

Wind  Speed  . 1 1  InirOel  <  n-si 
W  .  nil  Slit,  t  1  i'll  i  d.  ►,  i 

1  of  i  •  1  •  "  ol  !ti  t  r'lnnit  ,d  tun. 


t  -*  -.It  e  •  it  e.  ip  i  t  W.H  .  r  (Oi'n 


( mn  t  r.  I 


■'VI*  \ 

i  ni 

IN'. 

n  * » I 

w  i  M 

i  K 

wit*i  i 

rs; 

__  9 _ 

in _ 

n  _ 

16 

17 

6/1/77 

7/12/77 

7/13/77 

6/12/78 

6/M  '1 

13:30 

14:08 

14:48 

21:14 

13:3 

95.11 

93.81 

93.81 

95.64 

9 4  .  'Id 

1.84 

5.33 

5.33 

3.43 

5.10 

1.73 

0.79 

0.79 

0.71 

n , ;  i 

0 . 50 

0.07 

0.07 

0.22 

(1.09 

0.82 

t  rtiot- 

t  race 

5.  l 

4.9 

5.2 

4.4 

5 . ' 

78 

/  4 

6  5 

70 

78 

0.06H 

0.066 

0.08 

0.06  3 

0.071 

So 

l  4 

60 

33 

2  5 

f» 

39 

29 

36 

'  > 

24 

2  5 

33 

24 

i  ■* 

4.  1 

4.1 

/ .: 

7.; 

Jo 

270 

195 

2  30 

210 

Ml 

1 

4.1 

5.7 

o .  7 

/  ♦*  ’’ 

7  1  i 

700 

24  5 

715 

i  lip.  <• 

.  1 

- * 
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WIND  DIRECTIONS 


6^3. _ IISHNC  OF  HA  ■>  CO,  l.r.CTKi) 

The  collected  data  consisted  of  movie  records  (three  to  five  views 
for  each  fire),  four  to  five  wide-angle  radiometers,  two  narrow-angle 
radiometers,  and  five  nydrocarbon  sensor:..  To  give  the  reader  an 
overview  of  the  data  generated  in  these  tests,  ve  give  a  listing  in 
Table  6.2  where  the  data  are  labelled  as  successful  ( </)  ,  unrecognizable  (UR), 
off-scale  (US),  lost  (1.1,  01  not  taken  in  a  particular  test  (blank). 

The  basis  (or  this  labelling  will  be  discussed  as  the  data  arc  presented 
within  this  sect  J  or. . 

_ LNu  K1  t  (■''KM.'.TMNj  _AN :  >  1 '.NIT  I  Oh 

Upon  the  release  of  LNG  onto  the  water  surface,  a  pool  was  formed, 
reaching  a  constant  diameter  within  a  few  seconds.  The  diameter  at  maxi¬ 
mum  size  was  about  12  to  35  a  depending  on  the  test.  The  LNG  boiled  due 
to  heat  tranafer  from  the  water  and  the  vapors  generated  were  carried  with 
wind  over  water,  then  over  land.  The  maximum  heiRht  of  the  visible  cloud 
prior  to  Ignition  vaa  about  four  meters  for  all  teata. 

Two  flares,  lo.  ated  at  about  70  a  from  the  spill  point  (see  Figures 
6.1  and  6.2),  were  Ignited  27  to  64  seconds  after  the  spill  (depending 
on  the  tc9t)  .  This  ignition  dclnv  was  sufficiently  long  to  allow  the  LNG 
vapors  to  reach  the  flare  prior  to  ignition.  The  time  needed  for  the  vapors 
to  travel  to  the  flare  was  estimated  to  be  10  to  20  seconds  for  the  various 
ambient  wind  speeds.  Thus  ,  the  vapors  ignited  immediately  after  flare  ig¬ 
nition.  The  vapor  was  invisible  at  the  location  of  the  first  ignition  of 
the  vapora.  This  Indicates  that  the  flatasable  region  extends  beyond  the 
visible  cloud,  which  is  consistent  with  the  low  ambient  relative  humidity 

fr 

in  all  teata  (22  to  3)1) , 

6.5  VAPOR  FIRE  0EVE1  .OPMENT 

based  on  knowledge  of  the  prevailing  wind  directions,  the  flares  were 
positioned  ao  os;  1)  to  ignite  the  cloud  hopefully  at  its  downwind  tip  and 
2)  to  prevent  cloud  drift  to  the  bunker  where  the  observers  were  located. 

* 

Mote  that  in  the  pool  fire  teats,  the  humidity  of  the  stagnant  air  over 
the  pond  may  have  been  considerably  higher  than  the  humidity  of  the  air 
over  the  land. 
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I  ABLE  6.1’ 

KA\ ‘  DATA  FOR  VAI'OK  KIRKS 


IKS  I  NO. _ 3  _  h _ JO _ __1  J _ 16 


ITEMS 

Films 

Crostwlnd 

Overhead 

Lpwl  nJ  (soul  liwi-st  ) 
West  Close  Up 
South  Close  Up 

Wide  Anti'-  Rad  loaders 

1 

i 


Narrow  Angle  Radiometers 

5 

6 
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«J»  -*nt  .  ‘i 
<1  •  ru>  1 1-  s 


ilr* '  i  t  a\  »-n  v,«it  \  m<. 

ni£.itiv<  i'T  <»?.!»■  rv  |  *•<  uni  •*<  n};n t  r.iM  t* 

<  l.itu.  Dish*'1  ■  ••nsoi  din  ’  (*  m  imf  .ivor.i!>U‘  wind  direction 
da t  .1  *  at*  a  *  i  t  t  d  i  f,  |  .n  ’  i  u  1  ai  list 
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Iii  tusis  ,  1J,  i'>,  and  17  Mu*  wind  directions  were  fairly  lose  to  the 
pievalling  wtn.i  direction,  ns  illustrated  In  Figures  6.1  and  fe.d.  Corve- 
quently,  he  cloud  was  ignited  at  its  downwind  tip  and  n  fairly  tegular 
fire  spread  upwind  towards  the  spill  point.  On  the  other  hand,  in  tests 
H  and  11,  tin  win!  was  more  southerly  than  the  prevailing  wind 
diioction,  thus,  sending  the  cloud  between  the  two  flans  (see  Figure  6.1). 
consequent ’ v ,  ignitim  occurred  at  two  edges  of  the  iloud,  upwind  of  the 
cloud  t lr .  resulting  in  a  very  non-uniform  fire  spread  throughout  the 
c 1 oud . 

I  he  analysis  of  the  development  of  the  vapor  fire,  as  given  in  this 
•it  c  tlon,  focus*  s  on  test  Nos.  9,  10,  16,  and  17  where  a  uniform  fire  was 
obtained.  Teat  Nos.  8  and  11  were  not  coital Jered,  because  their  non- 
uniformity  made  the  definition  of  a  flame  edge  very  difficult  and  not 

meaningful . 

From  the  movie  record*,  the  locations  of  the  upwind  and  downwind  edgea 
of  the  flame  (or  burning  zone)  were  measured  as  a  function  of  time  and  are 
given  in  Figures  6.1  to  6.6  for  teat  Nos.  9,  10,  16,  and  17,  respectively. 
Flame  edges  v* . e  measured  from  the  flare  location  and  time  from  the  instant 
o:  ignition.  I  he  flame  width  and  Icngtn  are  also  given  in  Figures  6.3 
to  6.6.  Flame  vl 1th  was  measured  along  the  direction  of  flame  propagation, 
ns  tlu-  difforer.ee  between  the  upwind  and  downwind  edges  of  the  (lame. 

Flare  length  war  measured  in  a  vertical  plane  along  tin*  general  direction 
i  flam*  in.  Una!  ion  unui  :  t  he  eltect  of  wind  l  see  Figure  6.7).  Figures 
6.3  to  6.7  ,i'sr  give  reference  maiks  Mich  as  the  spill  point,  the  location 
if  the  NF  marker  (which  is  close  to  the  pond  edge),  the  time  when  the  spill 
ended,  ars.i  the  cloud  height  and  maximum  LNG  pool  radlun  lust  prior  to 
Ignition.  We  also  note  on  the  time  axis  when  the  flame  was  in  the  cloud 
only,  when  a  plume  flame  developed  ami  when  it  turned  red  and  sooty. 

Three  dial  tint  stages  of  fire  development  were  identified  In  each  of 
the  four  vipor  fire  tests; 

1.  i  ran**  i  uni  1  1  ,iw  growth; 

Stationary  flame  near  pond  edge;  and 
3.  Transient  burn-out. 
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FIGURE  6.3:  VAPOR  FIRE  DEVELOPMENT  !N  TEST  #9  (3.3  nr  SPILLED  IN  78  sec  ANT)  IGNITED 
AFTER  50  sec:  WIND  SPEED  '7.2  m/scc) 


SPEED  »  4.1  m/sec) 
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o 


«  ‘mupisumit G  atm.’i.i  Puc 
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FIGURE  6.6:  VAPOR  FIRE  DEVELOPMENT  IN  TEST  #17  (5.5  SPILLED  IN  78  sec 
IGNITED  A  FT  IT!  25  sec;  WIN'D  SPEED  -  7.2  ts/sec) 


Flare 


Point 


(60  x  60  x  1  m) 


•6 

Length  s  L 


FIGURE 


(.i)  Transient  Flame  Growth 


Wind 


F  lame 


(b)  Stationary  Flame  Near  Pond 


6.7:  SCHEMATIC  OF  MAIN  STAGES  OF  VAPOR  FIRE 


The  main  features  of  rhe-e  utages  .ifo  illustrated  si  hemn' i  cal  1  v  <n 
Figure  6./  and  are  '  IscuskoJ  in  it  tall  below. 

6.5.1  Stage  1:  Transient  Flame  Growth 

Within  the  first  ’  'ti  seconds  after  ignition,  flame.'  spread  quickly 
both  upwind  and  downwind  of  the  flare.  Flame  travel  in  both  directions  is 
consistent  wit. a  the  igr.iti'n  of  the  flare  after  the  flammable  cloud  had 
traveled  over  it.  The  I  lames  were  initially  contained  within  the  cloud  but 
soon  extended  in  a  flume  plume  above  the  cloud,  as  schematically  shown  in 
Figure  6.7a.  This  Is  •onststent  vitii  pro-mixed  burning  of  the  regions  in 
the  cloud  that  were  within  the  flammable  range  pi  lor  to  1 ' atne  arrival, 
followed  by  diffusive  burning  of  the  richer  regions  in  the  cloud.  At  times, 
the  edge  of  the  upwind  flame  front  was  not  easily  visible.  However,  we 
could  infer  its  location  from  a  number  of  observations  such  as  the  reces¬ 
sion  of  the  visible  water  condensation  cloud*  ahead  of  it,  the  ignition  of 
plants  and  brush  within  the  flames  and  the  general  air  motion  around  the 
flame  as  made  visible  by  the  water  condensation  cloud.  The  uncertainty  in 
identifying  the  flame  edge  is  estimated  to  he  about  +  1  meter  which  is  very 
acceptable  for  the  scale  of  this  experiment.** 

Flame  travel  downwind  of  the  flute  lasted  only  a  few  seconds.  After 
consuming  the  f  1  iirr.able  vapors  therein,  the  downwind  edge  of  the  flame 
started  to  recced  toward  the  spill  point,  fienerally,  the  flame  zone  was 
f.nriy  normal  to  the  wind  direction. 

During  this  transient  flame  growth,  an  average  flame  speed  with  respect 
to  ground  was  calculated  by  talcing  the  slope  of  the  upwind  flame  location  with  res¬ 
pect  to  time  in  Figures  6.3  to  6.6.  The  flame  speed  with  respect  to  the 
gases  was  obtained  by  subtracting  the  wind  speed  from  the  speed  with  res¬ 
pect  to  ground.  The  results  arc  shown  in  Table  6.3  for  both  the  upwind 
and  downwind  spread.  As  the  duration  of  the  downwind  spread  was  very  short, 
we  focu9  only  on  upwind  spread  in  the  discussion  below.  Also  shown  in  the 
table  are  wind  speed  at  the  pond,  the  delay  in  flare  ignition  (measured  from 
the  instant  of  spill)  and  the  atmospheric  stability  for  each  test.  (Note 


*  Due  to  evaporation  of  the  water  fog  by  heal  from  the  flame. 

**  The  uncertainty  in  measuring  the  flame  length  is  higher  (^  +  2  m)  due  to 
flame  fluctuations  and  the  lift  off  of  small  flame  lets. 
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that  the  viiri.it  iu.  tn  the  .nu-sphcrlc  »t«billt>  •  .  1  . r.  i.-t.ii 

(D)  to  moderat  -ly  unstable  (H)).  I'ror.  Table  6.1,  It  irt  found  thet: 

1.  Test  Ncs  .  It)  s;.d  17  had  :h«  s..ne  wind  speed  (7.2  Mb)  and 
comparable  Ignition  d«  i  avs  (11  and  ?3  sci  )  ,  and  resulted  In 
essentially  the  same  upwind  flame  speed  with  respect  to  the 
gases  (within  the  experimental  uncertainty); 

1 ,  'lest  No.  d  had  the  same  wild  speed  (7.J  rc/s)  as  test  Nos.  16  and 
1 7 ,  but  had.  a  longer  Ignition  delav  (So  sei  )  and  resulted  in  a  4uX 
t.isti  r  flame  speed; 

3,  Test  No.  1U  had  an  ignition  delav  v  .v.np  liable  to  test  No.  9 
(60  vs  SO  set )  he  a  much  lover  wind  speed  (4.1  vs,  7.2  m/s i 
and  resulted  in  a  liana-  speeil  slower  by  a  factor  is f  2. 

Because  the  above  results  aii  lltsiti.f  tii  tom  tests,  only  tentative 
qualitative  observation*  can  be  made.  It  appears  that  the  flame  speed 
1  nrreaflos  with  an  In.  rase  In  wind  speed  and  In  the  time  between  spill  and 
flare  ignition.  This  finding  is  reasonable  he  ause  the  mlxednoBa  of  the 
L.NG  vapors  with  ambient  air  depends  on  the  wind  speed  (which  affects  the 
rate  of  mixing)  ,nd  the  ignit  ion  del.iv  (wiiit.ii  .!  ■  t  i  r  tr.i  iii  k  the  time'  over 
whl .  h  nixing  is  allowed  prior  t  •-  liars-  arrival).  <liar’v,  for  the  fuel- 
rl  h  cloud  at  ban.*,  an  In.  rease  in  mixed. ness,  in,  rease.s  the  flame  speed. 

It  is  noteworthy,  however,  that  tor  r.u,  h  longer  Ignition  delays,  as  t  be¬ 
cloud  becomes  leaner,  an  increase  1 n  lgnlt  Ion  delav  is  exnected  to  de¬ 
crease  t  ha  flame  speed.  in  fact,  for  verv  long  delay.,  the  cloud  tray  dissi¬ 
pate  making  ignition  no  longer  possible. 

The  wind  effe.-t  in  tiara-  speed  In  a  vapot  i  loud,  has  been  invistlgated 
by  Raj  and  F.maons  (1976)  using  the  land  vapor  fire  data  (run  several  ox- 
pe-lments  (AGA,  TK»,  Ga7  do  France  I  .  The  data  on  flame  speed  from  tlte 
present  study  ari  in  good  agreement  with  the  published  data.  A  compuTi- 
aon  of  these  results  Is  shown  in  Figure  6.8.  Note  that  the  flame  speed  in¬ 
creases  !in**trlv  with  wind  speed,  in  the  range  ft  winds  Investigated. 

Inf  erf unatclv ,  there  are  no  existing  models  that  describe  the  afore¬ 
mentioned  effects  -n  the  flame  speed  in  a  vapor  fire.  The  most  closely- 
related  rtr.de  1  has  been  presented  hv  Ra  1  and  Huron  ns  (1976)  tor  the  burning 
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culate  the  f  1  amc  spi  c  1.  Instead,  it  nanumcH  a  spec  1  a.  eia  to  calculate  the 
width  v  f  the  bi.inlp  n  ■  i '  'r.su^.cm  1  "  ,  Wi  .,i>u.  t  ■  c>'  1 1«  i  r»  tL>  - 1 

the  ilarie  sp,  .sea-  u  em.  .it  a  e.t  this  o'.udv. 

Atiolhi  t  i  the  oust  eacv  burning  of  un<  onf  lned  tuel  vapor  clouds 

hat*  been  presented  bv  F;o  and  l.evlfl  (  1976).  This  model  assumes  burning  to 
occur  In  a  f‘ie  !  .1.  rliar  riitm  (due  to  buoyancy)  as  the  fuel  la  consumed  . 
Clearly,  this  model  Is  completelv  unrelated  to  the  observed  behavior  In 
the  present  list-. 

tutor  *•  il  wo  i  ,  should  sdd  less  t)u  p.trtlculor  situation  at  hand ; 

namely,  a  two  Ji  aeu  .louul  vapor  c  loud  carried  m  .i  wind  and  le.nl ted  at  Ita 
downwind  tip  with  Hunse  <pient  flame  propagation  upwind. 

e_._S,2 _ Staj^e  2:  Stationary  Flame  Near  Pond  Edge 

Upon  arrival  near  the  pond  edge,  the  transient  flame  growth  and 
advance  (described  above)  ceased.  As  Illustrated  In  Figures  6.3  to  6.6, 

In  thl*  stage,  the  flame  appeared  stationary  with  a  fairly  constant  width 
and  length  for  a  period  of  about  25  to  40  seconds.  A  fairly  distinct 
turbulent  dl*fu»lve  plume  flame  was  observed,  at  mt  inclination  of  33  to 
45*  f  rtirr,  t  fie  vertical.  A  schematic  of  this  flame  Is  given  in  Figure  6,7b. 
the  flume  height  tlu.  t  id ed  ciouuu  an  average  value  at  a  period  of  about 
1  Ke.'-  *tv!  )  I  i,pw‘  :  )  ar.i  Iilge  usual  1  v  extended  .1  lew  meters  Into  t  fie  pond. 

Al  t  lo.-s  ,  small  l  hm  Ids  might  "run"  at  the  edge  ol  the  cloud,  while  the 
major  portion  .’!  the  ‘  1  nr.e  t,r.i!:iod  stationary. 

cable  6 .  f  gives  tin  average  flame  length  and  width  during  this  second 
stage  of  lire  development.  (The  thermal  radiation  measurements  during  this 
stage  will  hi  discussed  In  t  tie  following  section.)  Note  that  the  f  lame 
dimensions  are  approx Imat  *’  1 v  the  sane  for  all  the  tests. 

The  flame  behavior  at  tin-  pond  edge  was  verv  Intriguing.  In  Tests  8, 

I’l,  1’  a;-,  1  1 >  (.,  .  .  lnud  was  appr  ox  1  mat  e  1  v  centered  around  n  corner  of  tlie 

pond,  die  :■>  l  lie  i  ,u  t  i  ui.it  wind  direction  of  tlu  test  (see  Figure  6.9).  The 
flame  fU  n  stopped  near  t he  corner  of  the  pond,  but  continued  to  spread  on 
land  along  the  sides  ,,f  t  lie  pond  as  illustrated  In  Figure  6.9.  On  the 
of.  tie  t  hand,  tills  behavior  was  not  observed  In  Test  17  despite  a  niml lar 
wind  ditoe  f  u  i  t  hoi  more ,  in  Test  9,  the  flsme  advanced  Into  the  center 

of  the  I.V.  pool  holoi«  burning,  on  t  he  aides.  In  the  center  region  where 
the  flame  advan * ed ,  the  ■  1  •  aid  was  less  opajue  than  elsewhere. 


f,-  1  '< 


A  cumber  of  explanations  can  be  offered  for  the  lack.  >f  taotlor  >f 
the  flame  near  the  pond  edge.  First,  th**  flame  may  be  slowed  down  due  to 
the  presence  of  watet  droplets  or  Ice  particles  in  the  cloud  over  the  water 
surface.  The  water  dro; lets  woul  f  act  as  heat  sinks  that  inhibit  chemical 
reactions  within  the  flam  resulting  In  a  slov.-r  flame  speed  with  respect  to 
the  gases.  The  water  droplets  result  from  the  condensation  of  water  vapors  in 
a  fog  form  due  to  heat  transfer  to  the  cold  1-Nb.  Since  the  relative  humidity 
near  water  is  much  higher  than  that  near  land,  a  larger  amount  of  water  should 
condense  therein,  i 1  Is  is  cons  1 st *  nt  vitn  a  \islblv  denser  fog  ovi  r  water 
than  over  land.  fills  water  inhibition-based  explanation  is  consistent 
with  a  general  observation  of  faster  flame  spread  In  transparent  clouds  versus 
white  clouds  (where  the  water  fog  ib  present). 

Ua  found  no  exper  latent  a  1  data  in  the  literature  on  the  effect  ol 

tine  wat.er  droplets  on  th*'  flame  speed  in  a  combustible  vapor-air  mixture. 

Only  vaguely-related  results  are  reported  by  Eggleston  et  al.  (1975)  for  a 

Jet  of  water  sprayed  into  flatamablo  mixtures  of  ethvlene  and  vinyl  chloride 

3 

confined  in  a  plastic  enclosure  of  about  5  m  x  3  m  x  3m  (45  to  50  m  ) . 

They  found  an  Increase  in  flame  speed,  probably  due  to  increased  local 
turbulence  caused  by  the  water  spray.  Clearly,  the  situation  is  quite 
different  in  the  present  tests,  where  the  water  fog  has  no  initial  momen¬ 
tum  to  affect  the  turbulence  ievel . 

A  second  explanation  for  the  lack  of  i lame  advance  near  the  pond  edge 
Is  that  the  cloud  is  locally  too  ti<h  to  burn.  Itlllzing  a  recently 
developed  model  for  the  gravitv  spread  of  !.Nl.  vapors  released  continuously 
fro*  a  aource  (DOE,  1<37<)),  we  estimated  the  vapor  concentration  near  the 
downwind  edge  of  the  pond  to  be  significantly  above  the  upper  flammability 
limit  of  methane  (15Z)  for  the  spill  conditions  of  the  tests.  (In  these 
calculations,  we  have  utilized  hydrocarbon  gas  sensor  dats  --  to  be  discussed 
in  Section  6.7  on  gas  analysis  --  nosr  the  flare  to  determine  the  appro¬ 
priate  entrainment  coefficient.)  The  presence  of  th.?  pond  edge  becomes 
then  purely  coincidental.  This  rich  cloud-based  hypothesis  is  not  very 
plausible,  however,  because  It  does  not  explain  the  general  lack  of  flame 
spread  in  the  cloud  periphery  where  leaner  concent  rstioi#  should  be  present. 

A  tnlrd  hypothesis  Is  the  formation  of  a  circulation  zone  near  the 
pond  edge  that  etablllzes  the  flame.  The  circulation  zone  would  be  caueed 
by  the  local  topography,  where  land  rises  above  the  water  level  in  the 
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pond.  Because  this  difference  In  elevation  is  comparatively  small  (about 
a  few  meters)  and  because  there  is  no  visible  evidence  of  a  circulation 
zone,  this  hypothesis  seems  doubtful. 

Further  experimental  and  theoretical  work  is  required  to  sort  out  the 
various  hypotheses  described  above  and  to  explain  the  reason  for  flame 
att  ii'hment  near  the  pond.  Suggestions  on  such  work  are  given  in  the  recom¬ 
mendations  section. 

*>  .  S  .  i_  Stage  3  :  Transient  Burn-out 

After  being  approximately  stationary  near  the  pond  edge,  for  half  the 
fire  duration,  the  flame  continued  its  upwind  motion  towards  the  spill 
v,,r  r.  stri  v,  in,  and  1  i  ,  this  occurred  approximately  near 
the  end  of  the  spill,  while  It  occurred  much  later  In  Test  No.  10.  This 
transient  burn-out  stage  lasted  lor  a  fraction  of  a  minute  until  all  the 

!,>;c  was  consumed.  At  the  verv  end  of  the  test,  the  fire  resembled  a  pool 

fire  with  n  sooty  and  reddish  plume. 

••./• . _i  FI  .iae  l.engt  li/W  J  dt  h  Hat  in 

The  flame  length  and  width*  throughout  tin  vapor  fire  arc  plotted  In 

*  r  •  i  .•  •  ir  tin-  tour  t  <-st  s  il  l  scust.i  ,i  above.  based  on  the  present 

r.-v  ills  is  posslbli  to  make  onlv  a  ,  1  i  t  a  t  I  v.  al  •■nciit  to  the 

etfeit  that  flame  1<  >glh  lm  reuses  wit!  flame  width..  Then'  Is  too  much 
■•ci' l  t  '  i  provide  anv  meaningful  coif  lution.  Ihe  significant 

juun:  it  it  fee  nsolt  Is  that  the  flame  eight  to  width  ratio  Is  less  than 

i’.  i !  v  and  •  ■■  Tiicli  closer  1  ■>  1  '2. 

Vi'e  note  th.at  the  Hal  and  Klara  ms'  model  (1*17  Sf  for  a  vapor  fire 

a*  *  <me  J  a  con s t  an  t  r  a  i  1  o  o  I  2  r  or  (lie  11  agio  length  to  Its  width,  for  t  he 

•a. Ire  duration  of  file.  I  his  Is  In  variance  with  the  above  data,  although 
It  would  tend  to  give  •  onsc rvat i vr  estimates  of  thermal  flux  from  the  flame. 

Fu  t  t  hermo  t  c  ,  even  when  this  i  .it  lo  Is  nd  lusted  in  t  hi'  model  so  as  to  fit  our 

ex  i  1  men  t  a  1  Jata,  tin  predicted  depmJer.ee  of  the  maximum  flame  width  on  the 

flame  speed  is  at  vnrl.in  c  with  r.  asul  .nreu' » .  Dearly,  the  specific  situation 
at  fi  ind  has  not  been  modelled  and  should  he  addressed  in  future  work. 

*  llami  length  *  length  of  r  lie  visible  t  1  ntx1  plume  from  the  ground  to  the 
tip. 

Width  -  width  at  ground  level  of  the  .-one  of  burning  measured  along  the 

d  I  r  ci  :  Icii  o*  propagation  id  H  irre ,  length  and  width  are  defined  in 
Figure  6 . 7b . 
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FIGURE  6.10:  DIMENSION*?  OF  THF  BURNING  ZONE.  WIDTH  IS  MEASURED  ALONG  THE  DIRECTION 
OF  FIRE  PROPAGATION  AND  LENGTH  IS  MEASURED  IN  A  VOITICAL  PLANE  ALONG 
THE  DIRECTION  OF  FLAME  INCLINATION  (UNDHl  WIND). 


6  .  6_  RA1UATI0N  ASAI  Y S  I  S 
6  .  b .  1  Pat  a  toll  cc  t  ion  and  Kvahi.it  lt'n 

Radiation  data  were  collected  using  wide-angle  and  narrow-angle 
r  Kilometers  placed  at  selected  locations  as  indicated  in  Figures  6.1  and 
6.2.  The  r.id  lorn*  ter  serial  iiumbers,  locations,  elevation  above  t  lie  water 
revel  In  the  pond,  or  lent  at  ion  and  window  material  are  listed  In 
I  ibic  6.s.  Most  ot  the  radiometers  were  oriented  approximately  along 
ti.o  i  rossvind  dlie.tion  so  as  to  yield  an  unobst  ru.  t  ed  view  of  the  fir.*. 

Two  exceptions  tKadiomete:  •<  in  lest-.  8  to  11  and  Radiometer  7  in 
let.es  16  aid  17)  were  placed  along  the  upwind  direction.* 

The  output  of  each  ra.ii en-.e ter  was  examined  individually  to  determine 
whether  the  measurement  was  successful  or  not.  Clearly,  all  off-scale  out¬ 
puts  were  discarded.  Wui t herm-ic ,  we  checked  the  consistency  of  the  radiom- 
u  er  output  with  the  obset Ved  ! 1 ane  behavior  shown  in  Figures  6.3  to  6.6, 
bv  comparing  the  t  i  rtw  at  wnsMi  the  radiometer  -.tatted  to  respond  and  the  res¬ 
ponse  duration  with  the  Ignition  del.iv  ami  the  duration  of  the  fire,  res¬ 
pectively.  When  stieli  a  consist  eiu  v  was  lacking  or  when  the  readings  were 
negative,  the  outputs  wen  discard***!  ns  not  recogti  1  itabl  <•  (Radiometer  5  in 
’  -Is  t  nmi  *,  j  ,ind  Kadi ottie tet  6  in  Test  11).  1  o  .  M  k  f  .it  t  her  the  validity 

;  the  r  ili.iEu  let  uitpnt,  w*e  .  .  r-pared  its  f  1  uc  t  un  *  1  otrs  with  the  flame  fluc¬ 
tuation..  Tills  was  very  a;  parent  in  Test  No.  17  where  two  successive  lg- 
•i  tier.;:  c  -acred.  \  Minru r ’.  list  of  the  collected  radiometer  data  is  given 
It-  Table  .  .  I  he  data  are  labelled  as  successful,  off-scale,  unrecognizable, 

>*  1  Ml  data  of  Test  1  wet*1  li  st.  blanks  in  Table  6.2  denote  that 

t'e  il  l  a  Well  T’.  it  col  le. ’ted. 

,\  tv;**,  a  I  si.  i  css  ‘  u !  t.n:.  m  tit  nit  put  Is  given  in  Figure  6.11  (from 
,f  :  .  |or  f  i  gut  •  .'.vs  j  ,,at  tie-  maximum  response 

lining  •  fie  s,mii.  I  t  ago  of  lire  Peve  1  opm-iit  (defined  In  Section 
M 1.7),  win  u  Me  (lame  is  at  1  *<n.i:  v  near  the  pond  edge  and  is  of  max  i  mum 
t. motions.  The  -lit  put  all-  ha  a  falrlv  constant  avernRc  value  (about  200kW/m2) 
ircept  !  >r  sort  fltn  ‘uat..u-  ''ot  up  to  .'•<  >  kW/m'  and  down  to  170  kW/m2). 

*  Ti-e  .lata  from  the  upwind  r.v.  i  umei -rs  were  not  interpreted 

■  ;ncc  er rcsti  ,.d  lag  il.'u  fa  t>rr  .ould  not  lie  estlnuited.  In  one  test, 

..win!  .  ,|>|  j  data  we  i  e  l;..ging;  in  the  othei  tests  portions  of  the  flame 
w.  t  <•  on' side  the  field  of  view  <■!  the  unwind  camera. 


65017  2  75  a  ACL  5.5  ■  NE  of  marker 

65018  "  Horizontal  over  spill  point  Sapphire 

/  4  n  3 .  **  ■ 

65284  *  *  above  ground  level 
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t  .  HI  6.  :  Til'll  a:.  VMilinn  i.H  OUTPUT  (TEST  #  17,  HARROW  ANCLE 

HAD  :  PETER  f  '>) 


These  radiometer  1  luct  uat  i.  ns  are  at  t  t  lb'it  *b  le  to  fluctuations  in  flame 
size,  both  Having  a  rime  constant  of  about  1  sec. 

From  the  hazard  point  of  view,  targets  exposed  to  flame  radiation 
such  as  wood  and  steel  structures  uould  have  response  times  much  larger 
than  1  second.  Consequently,  tney  would  integrate  the  radiation  fluctu¬ 
ations  over  the  exposure  interval,  this  effectively  sensing  only  the  average 
radiation  \>  t-n/s  in  Figuio  t>.ll).  Consequently,  we  have  focused  our 

analysis  on  t  ht  t 1 me -averaged  output  of  the  radiometers.  An  analysis  of 
the  fluctuations  would  have  required  calculations  of  the  instantaneous 
view  factors  and  the  synchronization  of  the  movie  and  radiometer  records 
(accounting  lot  phase  shifts  due  to  the  response  time  of  the  radiometers). 
Clearly,  this  is  an  awesome  las*.  that  would  also  introduce  large  errors. 

Since  t h i s  was  rot  needed  from  the  hazard  analysis  point  of  view,  ve  did  not 
analyze  the  fluctuations  in  the  radiometer  outputs,  focusing  only  on 
average  outputs. 

6.6.2  View  factor  C.alculat  ions 

Rased  on  the  discussion  of  the  previous  seel  ion,  we  need  only  deter¬ 
mine  view  factors  between  flame  and  radioroot  era  that  are  averaged  over 
the  second  stage  of  the  vapor  lire. 

Wide  Angle_ 

To  get  the  view  factor  between  the  wide-angle  radiometer  and  the  flame, 
we  assumed  that  the  flame  can  he  represented  by  a  rectangular  plane.  The 
average  dimensions  of  this  rectangle  were  calculated  in  two  different  methods 
bv  two  different  data  analysts.  The  two  method*,  are  summarized  in  Table  6.5, 
The  results,  also  shown  In  I.ihle  6.S,  Indicate  that  the  two  methods  may 
disagree  by  up  to  211  in  flame  area  (for  Test  No.  9),  due  to  uncertainties 
In  defining  the  Irregular  shape  of  the  flame  anil  in  locating  its  edge. 

V. ■.  r  f  . \t\  n  r  ..  1  v  ,  i  he  .M  i.aPTiT^'nl  is  nnlv  within  7  to  K7  for  Tents  16  and  17. 

ChiLy  these  two  tests  violded  successful  wide-angle  radiometer  data  for  which 
the  flame  dimensions  were  needed  to  calculate  view  factors.  Consequently,  the 
uucort  .tint  v  la  cur  view  t  actors  is  limited. 
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methods  were  carried  out  by  separate  data  analys 


The  view  factors  were  calculated  using  Hottel'a  Charts  (1967)  for 
radiation  from  a  rectangular  plane  (the  flame)  to  a  parallel  infinitesimal 
element  (the  radiometer)  placed  at  one  corner  of  the  plane.  We  corrected 
for  the  fact  that  the  flame  was  not  exactly  parallel  to  the  element  by 
geometric  projection.  Tin1  calculated  view  factors  are  given  in  Table  6.6. 
(This  table  will  be  discussed  turtber  below.) 

Nar  row-Angl e  Rad  1 omo t  e rs 

For  a  narrow-angle  radiometer,  the  view  factor  in  unity  when  the  field 
of  view  is  completely  filled  by  the  flame.  For  a  7'  (full  cone)  angle 
radiometer,  the  fields  of  view  are  2.7  and  4.2  m  tn  radius  at  distances  of 
44  and  69  &,  respectively.  We  verified  that  these  small  fields  of  view 
were  completely  filled  by  the  flame  during  the  interval  over  which  the  out¬ 
puts  of  the  narrow-angle  radiometers  were  used.  Consequently,  we  utilized 
a  view  factor  of  unity. 

6.6.3  Flame  Emissive  Power 

Tin  *vvr»ge  radiometer  outputs  (as  defined  In  Section  6.6.1)  are 
given  In  Table  6 . 1  for  all  the  successful  measurements,  alonR  with  the 
corresponding  view  factors  (F),  window  and  atmospheric  transmissivities 
(t  and  t  ).  The  atmospheric  transmissivity  is  only  approximate  as  it 

W  fl 

assumes  that  the  flame  Is  a  black  body  radiator  at  1150  K  and  absorption 
occurs  only  In  the  water  bands.  In  reality,  the  flame  is  «  band  emitter 
due  to  the  presence  of  hot  water  and  carbon  dioxide,  as  explained  in 
Chapter  4  on  spectral  measurements.  This  "approximate"  atmospheric  trans¬ 
missivity  for  various  path  length  and  ambient  humidity  bus  been  presented 
in  a  recent  paper  (Knl,  |v77).  Because  of  the  relatively  short  path 
between  flame  and  radiometers,  the  use  of  these  transmissivities  is 
expected  to  lend  to  insignificant  errors. 
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TABLE  6.6 


EMISSIVE  POWER  CALCULATIONS  TOR  VAPOR  FIRES 
Type 

of  Average 

JUdiomcterRadio- Output  Vlew  Transmissivity  Emissive  Power 
Number  Meter  _  mv  Factor  Window  Atmosphere  (kW/m^) 


Test 

No.  8  (5/26/77) 

6 

NA 

0.7C 

1 

* 

Based  on  Calibration 
of  9/14/76 

0.77  210 

Teat 

No.  9  (6/1/77) 

5 

NA 

2.9 

1 

0.78 

260 

Test 

No.  16  (6/12/78) 

1 

WA 

2.7 

0.021 

0.79 

Based  on  Calibration 
of  8/10/78** 

0.75  115 

2 

WA 

2.9 

0.031 

0.79 

0.  76 

118 

I 

WA 

5.8 

0.031 

0.68 

0.76 

170 

u 

WA 

5.5 

0.048 

0.79 

0.78 

104 

5 

NA 

2.0 

1 

* 

0.78 

183 

6 

NA 

2  . 1 

1 

* 

0.78 

200 

Test 

No.  17  (6/11/78) 

1 

WA 

4.0 

0.014 

0.79 

0.76 

240 

i 

WA 

4.5 

0.021 

0.79 

0.77 

260 

> 

WA 

8  .  <i 

0.021 

^  6ft 

0.7  7 

320 

S 

W  A 

3  0.7 

0.03  5 

0.79 

0.  79 

300 

5 

NA 

.5 . 0 

1 

* 

0.79 

250 

S  A 

~  r 

1 

A 

r»  i  r. 

■;»  .  >  > 

*■>  n  «\ 

A*  V 

It  A 

Average  *  210 

Standard  Oeviaf. Ion  »  *  65 

(or  +  30S) 


w  No  correvtidn  for  window  transmissivity  as  same  sapphire:  window  was  used  in 
both  calibration  niul  measurement. 

**  Except  radiometer  No.  3  which  was  calibrated  on  1/21/78. 

■V  ■  Nar  row-Angl <■  Radiotwter 
WA  «  W1  do -Aug.  1  v  1,  id  lorn*- 1  or 
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Because  the  f  /me  depth  Is  about  10  m.  It  Is  assumed  to  be  optically 
thick,  and  the  emissive  piwvr  (K)  Is  .'.aloul.it  ed  according  to: 


where  : 


t hf  rad  1  s  ew  t  «* i  *  m 

i  ui  i  f  n  kW,  ni‘  ) 

avwr  a$u*d  v' v*  r 

t  he  per 

lod  where 

t  hr  t  liinw  Is  .1  l  i 

'■n.its  -.ear  t  lit 

por*i  *  d  <!• . 

rt'-v.,!  r  i  .  <i  1  l*  *  1 1  a 1 1  4*.i 

using  the  ahos't 

•  rqu.it  -  .r  art- 

1 ! st  ed 

in 

Table  6.6  an'  are  '.is.  issod  below; 

(lj  Ratine  of  Knlsslvo  iowvrs 

T 

The  range  of  caliulati.!  emlssi'o  p  ivcm  covers  from  10m  to  120  kV/m* 
with  Test  l7  bring  on  the  high  side,  while  Test  16  on  the  low  side  ami  Tests 
b  and  9  In  the  middle  range.  The  range  is  much  narrower  for  emissive  powers 

y 

tun'd  on  onlv  narrow  angle  t.idlometer  data,  (136  to  260  kU'/m*  as  shown  In 
Table  6.’).  !t  Is  no’ew.>t:hv  that  the  average  In  both  cases  Is  about  the  suae 

kw/»* ) . 

*  f  V  •*' 

To  check  the  i  epeat abl 1 1 : >  if  the  results,  we  con  compare  onlv  Tests 
N  lb  and  l'  tor  which  co-plot*  set  »  el  r  *d  let-et  er  d  at  n  have  been  obtained. 

:  •  ei  h  o :  these  h-ui,  tie  i-divi'ua!  wi  a-  and  n.it  t  ov-ani  !e  i  ad  iometere 
■n  .  ,  2.  a -  id  ■’•!**  give  i  errs  1  stent  r<  suits  within  •»  7  to  1  IT  of  their 

I'.S;:  s  ,  however  ,  J  V  wl.te  .i:,.)o  data  5  ■  I  the  t  wo  tests  llfftr  si  gnl !  leant  ly 

from  .re-  jUs'.ho;,  while  t  h.  n  ir  :  ow-.ing!  e  ladiorraier  data  diller  hv  much  less. 

A  s-.t'.  1  jortl  ■:  •  r  '• .  «  i-.  .  .  -.a  be  attributed  to  radiative 

.oollng  of  the  ta'.li  'a  ter  d>  ti.tet  the  nr  Id  si-  which  o.  out  s  on  1  v  at  night 

'1.,  lest  s  .  5*  t  a:*:  on!',  tot  tin  w  1  d  i  -angle  I  ad  1  -rte  1 1  t  s  .  In  Teat  Sc.  1  fi ,  the 
view  f.r'ers  betvien  the  col!  v  .old  i!«  wl-'a  -angle  tail  err  lets  sailed  Item  0,93 
‘s-  while  t  b.  .  were  ■  :  m  t  he  n.t  r  I  ow-an  t  1 1  tndliifs  tt-ri  (aasur.lng  that  the 


lit  rediiilng  the  ladloaetet  data,  we  used  tfie  original  calibration  turves 
1  fated  9/14/76)  for  thr  197'  t*nta  (Son.  fl  and  9),  and  the  moat  recent 
•illbratlon  curses  (dated  o  / 1 « i  /  (t,  exi  ept  for  radiometer  No.  3  which  war* 
dated  I'l.'/M  tor  the  19M  test  (Nos.  16  am!  17).  The  rad  lone  t  ere 
were  recalibrated  after  helnR  engulf  el  in  flair,  cs  during  Teat  13  (3/26/7S). 


Radiometer  No.  1  has  a  different  t  vpe  of  vtr.'ov  and  la  discussed  below. 


flame  is  optically  thick).  Thus,  from  Jay  to  night  tests,  vc  should  expect 
differences  between  the  wide-angle  radiometers  data  and  no  difference  be¬ 
tween  the  narrow-angle  ones.  These  differences  are  estimated  to  be  small 
(about  10*),  however ,  since  t  lie  sapphire  windows  on  the  radiometer  tnini- 
talr.ed  reradlation  to  space  in  the  long  wave-length  region. 

Most  of  t hi  difference  between  the  results  from  the  two  types  of 
taillowttrs  Is  probanlv  attributable  to  errors  introduced  in  the  calcu¬ 
lation  ot  view  factors  which  are  needed  only  in  the  reduction  of  the  wide- 
angle  radiometer  data.  These  errors  are  due  to  the  Irregular  shape  of  the 
flaex  .  the  difficulty  in  determining  flame  tilt,  and  the  uncertainty  in 
un  at  !  n g  Its  edges . 

1  2)  l.ftect  of  Radiometer  Windows  on  Results 

In  tests  In  and  IT,  Had  1  one t er s  2  -mi  3  w-  re  placed  at  the  same  loca¬ 
tion  but  with  different  windows,  sapphire  and  Irtx.in  s,  respectively.  The 
spectral  t  runs:  .i  ssl  vi  t  y  of  the  sapphire  window  is  a’>out  0.8  >  up  to  V  3  wm. 
hut  drops  quickly  thereafter  and  he  censes  zero  bevond  h  nm;  while  that  of  the 
irt  ran  a  window  is  •  n  t  .•  •* . '  r.  (  .\ppi  nd  :x  d). 

1  he  .missive  powers  cahi.lalid  according  to  Radiometer  2  are  leas  than 
'.hose  a.  ciiding  i.i  Radiometer  )  hv  ibl  and  19*.  (or  Teals  16  and  17,  raa- 
jici  !  ,')clv.  This  tr.nd  is  lonsistent  with  the  speitral  t  rnnsml  sslvlty  of 
t  no  'wo  windows.  In  wevei  ,  a  i‘)T.  difference  is  larger  than  expected,  con¬ 
sider.  .g  that  u>,i  it  1  :  f  r  idi.it.  d  in.  tgv  lies  In  t  he  region  beyond 

3.3  ,.n . 

A .  u)'f  in  Atvik*  »M  »..V»  '  .NAI.’i !  I  • 

V  \v.)  t  o.  nr  b  n  gas  nr-  i  i  «-t  *.  *  wei.  placed  .it  selected  locations 
low- win!  •*  the  spill  point,  us  illustrated  in  Figure  6.1  and  6,7.  The 
el<".  <t  ion  M  t)ie  sensors  above  ground  was  0.61  » .  The  sensor  outputa 
hit  in,  *•  *.■  li  we  r  e  .  ■  tplctidv  in  re.  ognl  rah  le  and  were  thus  dla- 

catled.  s..i  ...  *  c. ;  '.it  i  win  dt  sirred  in  tests  1  6  and  17,  however.  Still, 
t'uii*  si  user  s  were  risrwd"  tv  t  lie  I’tuud  due  to  the  particular  wind  dlrac- 

t  1  1  In  *  <■  s  '  ’  h  (  S|-  ••  v  1  £  u  re  t  .  2  I  . 


# 


ra 


ai.jlvn  i.  Model  l-'tOf;,  munuf  ai  t  u  red  by  Mine  Safety 


.  s :  1  •  •  1  o  „  a  . 


The  gas  sensor  response  shows  very  rapid  rise  In  hydrocarbon  concen¬ 
trations  as  the  cloud  moves  over  the  sensor,  shooting  off  scale  (l.e., 
larger  than  St  methane).  The  response  also  drops  rapidly  upon  flame  arri¬ 
val  over  the  sensor.  For  Test  17,  the  vapor  cloud  speed  (without  ignition) 
was  estimated  based  on  the  gas  sensor  response.  The  speed  was  found  to  be 
equal  to  roughly  hall  t he  sum  of  the  wind  speed  and  a  gravity  Induced 
speed*  of  the  i.cgat 1 ve lv  buoyant  vapors.  A  similar  agreement  was  not  ob¬ 
tained  for  Test  17,  presumably  due  to  a  slowdown  or  shifting  of  the  wind. 


0.S  Hr.  SI'  I 

\N.t 

i'  \h  1  I  S  1  ON'. 

Tli.'  r 

I’rti. 

It  -i 

and  ciitic  1  ii-.  ions  batted  e-.i  the  vapot 

fire  tests  arc : 

i .  : 

KU  i 

t  1  ' 

n  of  dispel sed  vapors  generated  bv 

the  spill  of  I  Jit'.  on 

w.ltet  yields  a  apt  ending  plume  flans-  that  remains  close  to  the 
ground.  A  fl:c-b.t!l  i vpe  of  vapot  burning  was  not  observed. 

7,  The  tl:v  -.pte.ils  at  a  s  1  gn  1 1  1  <  ant  1  v  faster  rate  In  the  portion 
of  the  cloud  over  land  versus  that  over  water.  This  nvav  he 
attributed  to  t he  pi e sen.  e  of  larger  amount s  of  condensed  water  and  lcc 
u  iv-sols  cvet  wate*  than  ov>  t  latid,  which  Inhibit  the  lire  spread. 
Further  work  is  needed  to  shed  more  light  on  this  point. 

The  fire  spread  rate  ovet  land  Is  found  to  Increase  with  an 
1  it.  i  ••.»«!  fe.  wind  -peed,  as  h.V.  >'eer.  observed  previously.  The 
bull  of  t  h>  data  .hf  .lined  so  fat  suggests  a  linear  relationship 

■•»:  h'v!-.  •  '  up  t  '  r. 'n  t  1  t>  mpli). 

a  •  t  In-  ••■*•..!  c  It--,  t  In-  fire  remained  stationary  with  nearly  con¬ 
st.  ant  d  l”  et.si  .-ns  about  half  the  burn  Interval.  The  burning 

r dirs  -.si.s-s  v* * •  m  about  tin  same  for  all  tests  with  average 
■  ,.t  i  ;  r  c  .  ~  v  •  >  :  i  wi  dt  h  <  ilong  the  fire  propa- 

,  i-  f  in  ■!  1  i  c.  ;  ‘  on '  .  le-agt'  (In  the  vertical  plan-),  and  depth. 

•>.  T*  t  i.gbout  the  va t  lie  rati-)  of  burning  gone  length  to 

•  un; tv,  whit'i  f  ■»  smaller  than  haa  been 

a  vapor  .  l'"id  of  height  (M)  and  density 

•  if  t  Vie  order  of: 

t  v/h  *-r  the  p  i  rsi'nt  tests  (6.2) 


a  i 

•  .  i  ‘  I 


r  #»v  J  t  v -  *  »  *•<!  «ij  '1  f  v  ’>  i  ! 

(  1  v  r  t  tin  i  i  » .  »  i  * 
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6,  The  radiant  emissive  power  calculated  lor  the  stationary  stage 
of  the  fire  near  the  pond  edge  la  found  to  range  from  104  to  320 
V.W/m‘  with  an  avetage  value  of  210  kW/m^  4  30X  (standard  deviation). 

7.  Although  the  number  of  teats  was  limited,  a  remarkable  repeat¬ 
ability  of  the  main  fire  behavior  has  been  observed  between  teats. 
The  radiant  emissive  power  estimated  based  on  the  narrow-angle 
radiometer  data  was  quite  repeatable  while  that  based  on  the  wide- 
angle  radiometer  data  vailed  significantly. 
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7_i_  ;  .imR  1 SON  OF  RESULTS  AN1>  RECOHMENDATI  nNS 

In  this  chap-er  t.ie  rvbults  >  St  a  1  nod  from  pool  fire  teats  and  vapor 
fire  tebta  are  summarized,  compared ,  and  I'ont  ranted .  Also  indicated  are 
tsodols  for  use  in  t!.e  anstssncnt  of  thermal  hazards  from  1-Nfl  fires  on 
water.  Finally  a  list  o 1  recompondat ions  for  future  work  iB  provided. 

7.1  COMPARISON  OF  K’AMK  EMISSIVE  POWER  RESULTS  FROM  POOL  FIRF-S  AND  VAPOR 
FIRKS’  '  *  .  . *  " 

The  thvur.al  i.tdiatlve  o.  it  put  of  the  poo  1  fir-s  u  ,J  v.ipor  fires  have 
been  calculated  using  *  he  data  f  rea  the  t-.t i  n  v-.inc.  1  e  t- idler.  lets, 
wide-angle  radiometers,  and  in  one  exror 1 ment  ,  from  a  spectrometer.  In 
another  test,  wooden  stakes  were  positioned  to  observe  the  decree  of  charring 
at  various  distances.  Tin  sc  were  discussed  in  detail  in  Chapters  4,  5, 
and  6.  !n  this  section,  the  thermal  data  and  results  are  compared  with  a 
view  to  drawing  conclusions  about  the  nature  of  thermal  radiation  from 
pool  fires  and  vapor  fires. 


The  flame  emissive  power  is  one  important  physical  quantity-  whose 
values  were  determined.  This  represents  the  energy  emitted  by  a  nominal 
surf  t  ,15'c.i  of  tb.c  fir,  ,  T. missive  powel  i«  rsi  iron teu  using  data  from 
re.  epto»-s  positioned  st  kn.wn  distances  from  the  fire.  Wide-angle  radiom¬ 
eters  and  the  woolen  stakes  received  theimal  radiation  from  the  entire- 
flame  sheet.  /'Arrow-angle  radiometers  and  t  Ik-  spectrometer  were  positioned 
so  that  only  a  port  ion  of  the  lever  part  of  t  Ik*  flam*-  was  viewed.  Thus, 
the  emissive  power  *'s(  trialed  from  each  data  soui<c  represents  »n  Average 
value  ever  the  flame  aren  viewed  bv  the  particular  receptor  instrument. 

The  emissive  piwer  results  I  rotr.  Chapters  5  and  b  and  are  repeated  in  Table 
7.1.  Results  b«t”«'d  or.  vide  angle  radiometer  data  lor  poo  1  tests  1  through 
b  give  unreaaonable  values  he  the  emissive  power*  and  are,  therefore, 
omitted  in  Table  7.1  (for  a  discussion  on  this  see  Chapter  5,  Section  5.4.3), 
Also  indicated  in  tie  table  are  the  results  from  t  lie  apectromrter  data  and 
those  obtained  from  the  data  on  tin-  charring  of  wooden  stakes. 

As  can  be  seer  from  the  results  presented  in  Table  7.1  there  does  tot 
appear  to  be  anv  systematic  variation  in  the  value  of  the  evaluated  mis- 


*  This  Is  due  to  instrument  calibration  problems. 


slve  power.  The  «i.u  row-angle  i  ad  Iona?  ter  data,  which  directly  ,.lvc  the  emissive 

power  (except  'or  a  minor  correction  for  the  atmospheric  absorption)  vary  from 
2  2 

a  low  of  179  kU/ta  to  u  hi eh  of  260  kk/m  over  the  entire  experimental  range. 
Including  both  pool  fire  mil  vapor  lire  tests.  The  spectrometer,  wood  charring, 
and  wide  angle  data  are  generally  consistent  with  the  narrow-angle  data. 

The  purpose  ol  the  delayed  ignition  pool  lire  tests  was  to  obtain  a  large 
diameter  tire  tc  determine  whether  the  flame  was  optically  thick.  The 
enisslve  power  results  trotn  these  tests  have  wide  utter  hut  indicate  a 
ior.icwh.it  higher  mean  eistsclvc  power  than  pool  tiies,  It  Is  likely,  therelore, 
that  ti»e  pool  fires  were  not  optically  thick. 

In  general,  vapor  tire  emissive  power  values  are  somewhat  higher  than 
those  trom  pool  tiles.  This  may  be  duo  lo  two  reasons.  Vapor  fires  may  be 
somewhat  hotter  because  ot  the  burning  ol  n  partially  premlxed  vapor-air 
mixture.  Hence,  the  combustion  1b  likely  to  be  more  efficient.  Secondly, 
the  thickness  of  the  vapor  fires  along  the  direction  of  sight  of  the  narrow- 
angle  radiometers  were  In  general  larger  than  those  in  the  case  of  pool  fires, 
liC.,  the  vapor  cloud  width  was  greater  than  the  burning  pool  width.  This 
suggests  that  vapor  tires  were  perhaps  more  optically  thick  than  pool  fires. 

Also  because  the  entire  vapor  cloud  was  partially  premixed  with  ait,  combustion 
could  occur  throughout  the  width.  In  a  large  turbulent  diffusion  pool  fire 
where  the  ulr  Is  entrained  1 i or.  the  uutsldi  o!  the  :  lame  plume,  there  are 
always  pockets  ot  cold  air  and  burnt  gu:.  "trapped"  within  the  lolds  of  the 
flame  sheets  making  the  f  1 1  c  up,  .at  to  he  "v.ooler"  overall  than  a  turbulent 
promt xed  fire. 

In  Table  7.1,  the  average  emissive  power  estimates  are  shown  along  with 
maximum  and  minimum  values  tor  the  ateady  burning  portion  of  each  test.  The 
maxims  and  slniflun  values  represent  trends  during  the  pet  lod  of  steady 
burning  and  do  not  ret lecl  the  rapid  fluctuations  of  thermal  flux  due  to 
pulsations  in  the  flame. 

The  variability  in  the  narrow-angle  emissive  power  between  .■  minimum  and 
a  maximum  (reckoned  only  In  the  quasl-stcady  state  burning  period)  In  the  pool 
fire  experiments  is  most  probably  due  to  the  Increased  luminosity  of  the  fire 
towards  the  end  of  the  burning  period.  Tills  appears  to  tie  due  to  the  higher 
lumln”iis  soot  con*  ent  rat  Iona  caused  by  t  tie  combustion  of  Increasing  quantities 
of  ethane,  propane,  and  butane  In  the  later  stages  of  the  fire,  (Methane 
vaporizes  preferentially  In  f  tie  early  stages  ei ause  It  lias  a  higher  relative 
.olatllity)  The  spe* l row  lei  data  contlrm  this  observation  In  test  #5. 
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In  the  vapor  fire  tents,  the  flame  emissive  power  remains  fairly 
constant  during  the  steady  burning  period  and  the  range  indicated  in 
Tests  16  and  1?  represent  readings  from  two  instruments.  The  Instrument 
which  read  lower  In  Test  16  read  higher  In  Test  17,  so  this  does  not  appear 
to  be  an  instrument  calibration  effect.  In  the  vapor  fire  tests,  methane 
composition  of  the  l.NU  remained  fairly  constant.  As  a  matter  of  fact, 
the  ethane  c.  t.tent  in  Test  S  is  the  lowest  0.8'),  yet  this  teat  gives 
the  highest  emissive  power.  However,  the  propane  content  is  highest  in 
this  test  ( 1  . '  i'.  compared  to  0,8*  in  the  others).  Whether  such  small 
variations  in  propane  content  can  lead  to  a  wide  variability  in  emissive 
power  is  douhttul.  We  have  been  unable  to  discern  any  systematic  trend  in 
the  variability  of  the  emissive  powers  obtained  from  the  narrow-angle 
radiometer  data.  The  explanation  via v  be  sitnplv  that  because  of  nature  of 
the  vapor  fire  burning  and  the  vagaries  of  the  wind,  the  effective  optical 
path  along  the  radiometer  axis  varied  I rom  test  to  test.  Such  a  conclusion, 
however,  does  not  Justify  the  variability  in  the  emissive  power  data  (from 
narrow-angle  radiometers)  obtained  from  the  pool  tires.  In  those  tests 
on,'  expects  the  optf-al  depth  to  remain  about  the  same  considering  that 
the  flame  dlameteis  were  all  essential Iv  the  same  (about  14  meters). 

The  remits  presented  In  Table  7.1  indicate  larger  standard  de¬ 
flation  •  with  wide-angle  leadings  when  compared  to  those  with  narrow-angle 
rcallngs.  The  explanation  lor  this  tn.iv  lie  in  the  method  by  which  the 
em. salve  power  Is  .  a  1 .  u  t  at  e<‘.  fr.*-  the  wide-angle  radiometer  data.  This 
involves  the  ilit  et  nin.it  ion  id  shape,  sin-  and  orientation  of  the  visible 
file  1  r  or  movie  re.  .'til*,  (a  somewhat  subjective  operation)  and  then  the  cal- 

•  *  1 1  1  A  f  1  r»  TT  fit  f  y  i  *  •  f*f  1  1'i'f  J  v«‘  v  j  ••l  f  n  r*  f  t a  t  K  r»  r-  j*  ii  u  trf  f  jin  rn  1  aHwaly  na>a  1  1 

magnitudes  of  t  he  view  ia  j.  r*  -par'd  to  unit  v)  relatively  minor  er-urs 
in  tp"  !  i.isir  in  i  mil  I’n.ti  ti  signitl  ant  variations  In  the  estimated  view 
f  »•  t  at  Hid  helve  in  the  i"i,,  .si  vc  power. 

Wi  also  v’t  tie  tliai  t  Ip-  v. dc-anglc  results  are  in  general  higher  than 
narrow-angle  results.  Se  n  i'll  explanations  can  be  considered.  In  the 
ca  e  of  ;  o,i  1  fires,  t  be  narrow  anglts  were  afmed  at  the  lower  section#  of 
the  flame.  It  Is  likely  that  luminous  soot  coni cn t rat  1 ons  increased  with 
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height  In  Che  flame  making  the  flame  more  radiative  it  higher  elevations. 
This  would  tend  to  ma*o  the  wide-angle  readings  higher.  Ihc  other  poBBi- 
hllity  Is  that  the  effective  fire  diameter  increases  with  height.  That 
Is,  tin*  infrared  emitting  ganeti  fora  an  Inverted  frustum  of  a  cone  with  a 
visible  core  in  the  middle.  It  is  this  core  which  If  seen  in  the  motion 
pictures.  The  hot,  fut  Invisible  gases  (rising  in  the  plume)  surrounding 
the  core  may  cunt i 11  uie  t o  higher  wide-angle  radiometer  readings  and  hen  M* 
Higher  emissive  power  (wnleh  is  based  on  visible  flame  aie.t).  Since  no 
inftared  pictures  o!  the  fire  were  taken,  tills  hyp.it ties i s  i annot  be  con- 
!  1  mod . 

Tiie  emissive  power  of  the  flame  obtained  from  the  spectroscopic  data 
is  in  close  agreement  with  the  results  from  narrow-angle  data  for  Teat  #5. 

Vo  recall  that  the  emissive  power  from  the  spectral  data  was  based  on  a 
flan*1  temperature  of  1  ‘>00  K*  and  stoichiometric  combustion.  The  fire  is 
tound  not  to  be  optically  thick  (over  the  entire  infrared  wave  lengths) 

even  though  the  visible  diameter  was  11  n.  Using  tin*  spectral  model,  an 

•> 

equivalent  t i arae  emissive  powei  wvmid  be  about  217!  k- which  is  in  good 
agreement  with  the  narrow-angle  radiometer  data.  It  is  unfortunate  that 
the  wide-angle  result  from  this  test  cannot  lie  compared  with  either  narrow- 
angle  or  spei t roscopic  results  because  we  suspect  that  the  wide-angle 
radiometer  calibrations  wt re  Incorrect.  However,  the  agreement  of  the  re¬ 
sults  In  Test  1?,  based  on  wide-  and  narrow-angle  radiometers  is  very  good. 
Rest. Its  based  on  wood  charring  data  give  somewhat  lower  values.  This  may 
be  because  of  the  imprecise  information  on  the  thermal  flux  level  at  which 

the  particular  voed  used  nimu  to  char,  Wc  have  assumed  this  level  to  be 

2  2 

10  kW/m  ,  but  It  could  bo  as  high  as  35  kV/m  in  which  case  the  estimated 

emissive  power  would  be  closer  to  the  radiometer-based  result. 

The  compatlscn  above  Indicates  the  significant  variability  in  the  emis¬ 
sive  power  results.  Several  possible  factors  have  been  discussed.  None  of 
them  esn  *a t i sf act  or i 1 v  explain  all  of  the  differences.  Under  these  con¬ 
ditions,  the  task  ot  recommend lng  a  value  for  the  emissive  power  to  be 

‘  .  .  j 

*  Black  body  emisnive  power  at  this  temperature  is  287  kW/m  , 
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used  In  hazard  calculations  becomes  difficult.  We  have  more  confidence  In 
the  spectroscopic  data  and  the  narrow-angle  data.  Our  recotraendat ion  la 
for  characterizing  the  I.NG  fire  with  a  temperature  of  1500  K  and  atolchlo- 
metric  combustion  and  to  use  the  physical  thickness  of  the  fire  (ditmeter) 
for  the  optical  path  length.  This  gives  a  maximum  emissive  power  of  207 
kW/m2  for  an  optically  thick  flame  which  is  close  to  the  observed  maximum 
in  vapor  fires. 

7 . 2  S U CCESTEP  M»!>KI-  FOR  US  1  IN  ASSESSING  THERMAL  RADIATION  HAZARDS  FROH 

-~i.se  pool.' fires'  on  water 

The  evaluation  of  the  thermal  radiation  field  around  a  LNG  fire  Is 
made  bv  calculating,  In  sequence,  the  following  parameters: 

1,  The  diameter  of  pool  spread  with  a  fire  on  the  pool. 

2.  The  time  averaged  mean  flame  height. 

1.  The  emisRlvlty  of  the  fire  (H,0,  CO.,,  and  soot  eml sslvl t l*s)  . 

s.  The  view  factor  to  an  element  at  a  given  distance  from  the  center 
of  the  fire. 

5.  The  atmospheric  transmissivity  to  the  given  distance. 


Based  on  thi  data  from  the  expet iroents  indicated  In  this  report  and 
the  analvser.  of  the  data,  magnitudes  of  some  oi  the  physical  quantities 

be  established  for  use  in  hazard  models.  Our  reconxnendat  1  ons  for  the 
values  of  the  various  quantities  are  indicated  in  Table  7.2.  Further 
our  rt.  ommendat  lens  fur  t  ho  equations  Include  thi*  follouinq: 


Pool  Spread 


l'or  cent  inuous  spills 


For  instantaneous  spill 


in  which  the  value  of  v  f  t  or.  Table  7.2  should  he  used. 


(7 


(7 


fcaarfnr'u«  r»  M« 


Flame  Height 


(7.3) 


Radiative  Transfer 


The  thermal  radiation  flux  at  nuv  point  outside  the  lire  in 
determined  from  the  equation 


where 


lH.r 


1 


F,  ■  Black  hodv  emissive  power  at  flam-  temperature 
n 

F  •  View  factor 

.  ^  ^  ■  fomhlpi'd  hand  em  1  s s  1  v  1  t  1  os  of  M  ^  '  and  C  >  In  the  fire 


(7.4) 


‘  S 

‘h.c 


Also  this  absorptivity  Is  to  he  calculated  lor  a  weighted 
menu  radiation  path  through  the  atmosphere  (see 
oqunt  tons  B^-B  11 )  . 

7.2.1  _ 1  1 1  us  t .  a  1 1 ve  Kxanple 

Consider  the  spill  ta t  21.000  of  1,N(.  onto  the  water  surface  In 
1 h  minutes.  It  is  required  to  calculate  the  radiative  heat  flux  to  a 
vertical  element  at  water  level,  located  at  1  km  from  the  center  of 
spill.  The  temperature  of  the  ambient  is  20*0  and  relative  hjalditv 
hOI. 


«  Soot  eraissl-itv  In  the  ;  f  re 

•  Bant’  absorpt  fvitv  of  water  vapor  and  CO  In  the 
atmosphere.  This  ahsorpt  j'i  t  v  is  representative 
of  onlv  the  following  hatv.s  : 

H,0  ,  1  .  S  ’  ,  2.7  and  h.l  microns 

CO,  ,  2.7  (overlap),  4.1  and  1  r>  microns 


In  obtaining  the  result  lor  thfc  above  problem  we  o«k/-  >ifo  ot  the 

* 

values  reoKwni1  v,  tr.  able  7  . 1  . 

Matnot*.  of  pool  vct>nt  lnuoua  r.  pill  formula,  equation  7.1) 

*  Z  9  7  ui 

Flame  height  “  Mi  x  297  "  i 0  m 

Partial  pressure  >  beam  length  for  110  » 

0 . 1  90  %  297  «  56.4  ntm  m 

I'artial  pressure  beam  length  for  CO,  “ 

0.095x29  7  “  28.2  atm  in 

At  these  partial  pressure- length  values  the  flame  ran  he  considered 
to  he  optically  thick.  Hence  the  total  enissivlty  of  the  flame  including 
the  soot  emission  should  be  unity. 

2 

Total  radiative  cncrgv  released  from  the  flame  «  K.  ■  287  kU/m 

h 

Atmospheric  absor pt 1 v  i  tv  over  the  1  km  distance  is  calculated  using 
either  Hot t cl  charts  (Hottel  and  Sarofim,  1967)  rr  bv  <  tin,  Me  V.iho 
by  band  absorptivity  calculations  if  F.dwards  and  Balakr i shnar.  (1973): 

Partial  pressure  of  water  vapor  in  the  “  1.38  x  10  atm 

atmosphere  (2 0°C,  60  t  RH) 

Partial  pressure  of  rn  in  the  atmosphere  ”1x10*  atm 
Hence , 

-2  3 

(pi  ),  ~  "  1.38  x  10  x  10  •  138  atm  m 

H 

ro,  “  3  x  10  X  10  •  0.3  atm  n 

Cnf ort unate lv ,  the  charts  provided  in  Hottel  and  Sarofim  (1967) 
do  not  contain  the  range  ot  pi.  for  tt^O  encountered  i  ■  i  utio  problem.  Fie 
therefore  choose  the  (rather  tedious)  method  of  absorptivity  calcu¬ 
lations  indicated  hv  F.dwards  and  Balakrishnan  (  1973).  For  detailed 
calrulatinns  the  referenced  paper  should  be  consulted. 

lotal  absorptivity  of  H,1'  and  fit  »  a  “  0.370 

in  20  V.  60*  RH.  1  km‘ path  1  atm 


The  view  factor  to  a  vertical  element  at  1  km  from  a  fire  of 
297  ta  diameter  and  450  m  height  -  n.04i5  (aee  tables  in  Raj  (1977)). 

hence  the  thermal  flu*:  received  at  1  km  distance  is: 

<V'(1  km)  -  K  F  (1  -  a  )  «*  287  x  0.0415  x  0.63  -  7.5  kW/m2 
b  atm 

It  Is  noted  that  In  a  path  length  of  1  km  the  effects  ol 
absorption  by  other  gases  such  as  carbon  monoxide,  citrous  oxide, 
methane,  etc.  in  the  atmosphere  can  begin  to  he  noticeable.  Therefore, 
the  calculated  flux  received,  indicated  above,  is  probably  the  upper 
bound  l'or  the  flux. 

1 _ sm.hsn:s>  >«>•:*'.!  »*<«  assessing  ni krmai^  rai> i at i on  hazards  from 

IVcfy f\\W Vapor  ri'iu  n  tiffs 

Tin  data  f nun  vapor  tires  have  indicated  the  turbulent  flame 
spread  velocity  In  uncon 1 ined  vapor  clouds  as  well  as  the  magnitude  of 
radiative  emission.  Also  the  tests  showed  that  there  could  be  a 
significantly  different  t  vpv  of  vapor  i  loud  fire  behavior  on  a 
hodv  of  water  compared  to  that  on  land.  (The  fire  spread  rate  seems 
to  he  less  i-n  water. )  Stme  additional  direct  data  (such  as  the 
relationship  between  turbulent  flame  speed  and  density  of  water  fog  in  a 
corrbus ! ( h »e  vapor  iloud)  would  he  necessary  before  a  vapor  fire  spread 
model  on  water  i  an  he  developed  and  since  the  fire-  spread  rate  on  land 
i.  highei,  we  rei  'Vtmen  1  the  use  of  the  <  urrent  lv  available  vapor  fire 

A 

node!  foi  hazard  assessment  purposes.  Sue!)  a  calculation  would  be 
const*  rv  t  l  v«- . 

The  recommended  vapor  tire  hazard  assessment  model  is  therefore 
a  "wall  fire"  monel  <  b.ar.u  t  e  r  i /ed  h"  the  burning  oi  vapor  In  the  form 
of  a  prcpag.il  in,  ‘  close  in  ihe  ►. i'eund )  ilsmc  plume.  The  model  calculation 
involve*  the  foil- wing  steps: 

1.  halculat ing  from  the  known  initial  vapor  cloud  spread, 

thickness  and  the  -  o;.i  ent  rat  i  on  disi  rihut  ion  In  tne  cloud, 
an  cqul  v.il-nt  cloud  rhiikneas  within  which  the  concentration 
is  uniform  land  a'ov»  lower  fl.irntrmhle  limit). 

* 

iTiis  n>del  is  described  In  detail  in  a  paper  by  Ra)  and  F.mnwna  (1975). 


2.  Obtainin''.  ‘  •  oro  t  lu'  (eupl  r  Ir  a  1 )  graph  pri  rented  In  Figure  6.8, 
the  turbulent  flame  speed  ielatl'»e  to  the  vapors  corresponding 
to  the  prevailing  wind  spend. 

1.  Calculat  ing  the  maximum  humlnR  tone  wlmh  assuming  a  flame 
height  ‘ o  width  ratio  of  1  (see  Chapter  6) .  This  will  also 
give  the  fl.li>>  pliose  length. 

U.  Peteralnl ng  the  radiation  zone  around  the  flame  with  fl.i.ne 
emissive  power  tor  verv  large  optica)  path  lengths  (verv 

a 

wide  fire  norm.il  to  the  wind  direction)  taken  as  2N7  kW/m~. 

If  the  flame  Is  not  optically  thick  in  a  given  direction 
ft  emlsslvlty  has  to  he  calculated  by  using  the  recommended 
values  given  In  Table  7..’. 


7.3.1  Ill ustratlve  Kx ample 

A  vapor  cloud  has  a  Mean  v<ii»ot  concent  rat  ion  of  20%  (molar)  and  Is 
ot  thickness  )  n.  The  wind  speed  is  >  m/«.  Klt<>  dimensions  are  i aIcj- 
1  at ed  as  follows: 


From  Figure  6 .  8 

The  flame  speed  a'  6  m/u  wind  speed 


F  -  10.5  n>/« 


TIi  ickness  of  cloud 


3  m 


Flame  Fronde  number 


-  F . 


Inverse  volumetric  expansion  tntio  of 
methane  at  20%  concentration 

(  To*-  n  1  e..1  or  4  /  **>  r\  f  a  nnr  a  mo 

V  •  '  ■  1  1  "•  r  -  - - 

see  Ra)  and  F.ranons  (1975)] 


Density  of  vapor  cloud  containing  20% 
vapor  hv  volume 

Ratio  of  cloud  density  to  air  density 


p 

o 


10.5 
3  x  " 


2 

TTf* 


3.75 


5.18  x  10 


1 .  33 


1  .13 


Air  fuel  mass  ratio  for  the  combuation 
of  methane 


o 


r 


17.2 


Hence,  using  the  equation  from  the  above  reference 

,  1/i 


tor  visible 

f  lame 

Hence ,  W/ 4  -  88.5 

Therefore,  width  of  burning  zone  “  88.5  x  3  «  265  « 

Length  of  flame  plume  *  “  265  * 

Kor  calculating  thermal  radiation  to  a  point  outside  the  fire  tone 
conventional  view  factor  calculations  have  to  be  made  assuming  the 
flatu*  to  be  .1  tilted  rectangle.  We  also  note  that  the  flame  front  is 
moving  at  a  speed  of  10.5  -  5  ■  5.5  m/s  relative  to  the  ground, 
against  the  vtnd  direction. 

7  .  '<  RKt'OMMKSDAT 1  OSS 

With  a  view  to  providing  hettet  guidance  for  future  LNC  fire 
research  and  delineating  t  lie  Important  information  to  be  gathered  we 
make  the  following  ret ommendat ions . 

1.  Better  spectral  data  on  large  I  .NO.  fires  should  be  measured. 

This  should  Include  the  following: 

•  The  soecti  *neter  should  be  located  ns  close  as  possible 
to  the  fire  to  minimize  the  absorption  effects  in  the 
atmosphere.  if  necessary  a  nitrogen  flushed  optical 

•iv stem  (which  m.iv  Involve  providing  a  cooled  pipe  to 
almost  the  fire  surface)  should  be  considered • 

•  The  spectrometer  should  be  provided  with  fore-optics 
to  minimize  t ho  off  center  image  problems. 

•  If  possible,  the  spectra!  scan  range  should  he  extended 
to  K:  :.ir. 

•  Fast  scanning  interferometers  (Mlchelson  type)  should  be 
used.  A  verv  fa-t  scanning  monochromator  may  also  be 
acceptable . 
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I'oiis  idcr  at  lens  should  also  be  given  l  the  use  of 
ex]  endah  1 e  sgect ronvtoi s  ("p.ilvchromul  or")  .  These  ..to 
bnsl  ally  t liter  i  udt  o'.m  ti  bfnbiiivc  to  •  nlv  .criaiii 
.o^ors  of  the  .-.pert  i  um  .  However,  they  may  otfer  lev 
cost  Hats  aeijul-.l  ion  .it  the  expense  of  .incur  icy  . 

2.  Spectral  data  should  he  obtained  from  different  parts  of 

the  t lane-  along  Its  height  to  see  if  the  upper  parts  of  the 
flame  are  significantly  more  radiative  than  lower  parts. 

Tills  m.iv  he  achieved  h\  iimpl-  lilting  the  spectrometer 
axl--  (or  .1  r.lrroi  in  front  of  the  spe.  tro  -eter)  to  "see" 
dfletent  parts  ot  the  f  1  .ir.e . 

1.  Spent  r<wu’i>.  should  he  ot  i  li.-ed  to  eon  *'lrni  or  refute  the 
postulate  that  large  visible  tires  rviv  In-  surrounded  by  a 
blanket  of  hot  products  ot  combustion  which  do  not  radiate 
In  the  visible  but  radiate  in  the  infrared. 

It  mv  bo  possible  to  align  tm  spec  t  torn  t  er  carefully 
during  an  experiment  ho  that  the  field  of  view  docs  not 
contain  anv  visible  part  o!  the  fire  but  contains  the  hot 
combustion  products  assumed  to  be  on  the  outside.  Tils 
could  also  be  augmented  with  spll)  or  notion  pictures 
taken  with  Infrared  film. 

A.  Narrow  angle  radiometers  should  he  movable  In  a  vertical 
plane  so  that  the  omission  from  different  parts  of  the 
flame  can  be  recorded. 

In  this  series  o'  tests  the  narrow  angle  radiometer  data 
have  been  more  reliable  than  those  from  wide-angle 
radiometers.  We  therefore  reennriend  uBing  more 
narrow-angle  radiometers  than  fust  the  two  that  were  used 
in  the  current  series. 

5.  Tse  of  wide  angle  radiometers  should  he  continued,  however, 
with  Zn  be  ilrl'ap)  windows.  The  calibration  of  the 
radiometers  should  be  performed  without  and  with  winjows. 

6.  Direct  In  situ  measurements  of  gas  concent  rat  Ion  and  compos  It  ion 

in  the  t-lddic  d  ,  1  f'ri  frty  i-  •’‘-'"it  K-  v  above  toe  poo) 

surface)  should  be  made  to  see  If  a  significant  quantity  of 
unhurried  fuel  vapor  moves  up  In  the  center  of  f,’e  fire. 


/-I  ‘ 


7.  Larger  tests  would  bo  useful  to  provide  more  data  on  optically 
thicit  pool  fires  and  mav  also  indicate  that  above  a  certain 
size,  the  fire  burns  In  multiple  cells  rather  than  as  a  single 
plume.  It  would  also  be  Interesting  to  confirm  that  the  quan¬ 
tity  of  unburned  fuel  Increases  with  Increasing  fire  size, 

8.  The  effect  on  a  pool  fire  of  increasing  vaporization  rates  by 
Jetting  I.NL  into  the  water  should  be  investigated  to  verify  the 
hypothesis  that  this  should  decrease  hazard  zones  over  those 
predicted  bv  a  model  for  a  spreading  pool  on  a  smooth  water 
surf  ace . 

Tor  future  vapor  cloud  lire  study  we  recommend  that: 

9.  Laboratory  scale  or  medium  field  scale  tests  be  performed 

to  understand  the  effects  of  small  droplets  of  water  (fog)  on 
the  turbulent  flame  propagation  In  unconfined  clouds. 

This  series  of  teats  Indicated  a  significantly  different  behavior 
ot  the  vapor  cloud  tire  on  water  compared  to  that  on  land.  It 
has  been  postulated  that  the  major  reason  for  this  may  be  the 
high  density  of  water  fog  particles  in  ilie  vapor  cloud  close 
to  the  water  surface. 

10.  The  feasibility  of  conducting  a  large  vapor  cloud  fire  test  on 

->  vi  rv  large  body  of  water  should  be  considered.  It  is  conceivable 
that  the  fire  mav  not  spread  through  the  cloud  as  rapidly  on 
water  as  on  land. 

For  both  pool  and  vapor  (lie  tests,  further  ( nvest igatlon  of  the  role 
of  heavy  hydrocarbons  in  the  radiative  character  of  the  fires  would  be  use¬ 
ful  in  understanding  variations  In  emissive  power  during  the  course  of  pool 
fire  tests. 
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NOMENCLATURE 


SYMBOL 

DESCRIPTION 

equation  NO, 

UNITS 

A 

band  width 

4.4 

-1 

cm 

.1 

:  t 
i 

Af 

Nominal  area  of  the  emitting 

2 

m 

i 

f  lame  bus  !  ai  e 

:  ! 

;  j 

c 

'  al tbrat ion  constant 

4.4 

a.V/W 

s 

j 

s 

Planck  iirst  constant  * 
i.  74  x  Ilf1' 

4.1 

2 

W  at 

i 

■j 

'i 

3 

Planck  second  constant  • 

-.1 

in  K 

i 

} 

1 .4188  x  10~  2 

t 

D 

Diameter  of  pool  fire 

3.1 

m 

K 

Emissive  power  ot  flame 

2.3.  4.2.  6.1 

kW/tn2 

Fb 

Klatl  body  .t  : ssive  power 

kW/tn2 

\ 

f 

V 

Volume  fraction  of  soot 

2.6 

- 

i 

1 

V 

View  tactct 

2  3,  6.1 

- 

\ 

j 

R 

Acceleration  due  to 

6.2 

n/b2 

I 

] 

;■  r  a"  1 1  ■ 

1 

\ 

H 

floid  height 

*r>  .  i 

m 

i 

\ 

H 

Average  hei.bt  of  the 
visible  f  1  a  c 

3.1 

IE 

\ 

i 

i 

H, 

i 

Spcrtral  Ir radiance 

4.5 

2 

w/oT  .<ni 

i 

Spectral  radian* e  of 
r  tie  flare 

4  .  3 

kW/ir,^  ud  sr 

j 

\ 

i 

i.  ,b 

Spectral  radiance  of  black  bod 

i.  J 

kW  m/m^  sr 

\ 

•i 

k 

Spectral  absorption 

2.6 

-1 

IT, 

6  *  * 

coefficient  for  <ooi 

Lf,L 

Length  of  vis. bit  plume 
of  the  fire 

r. 

N-l 


KHMF.NC LATURE  CONTINUED 


S'VMBOI. 

DESCRIPTION  EQUATION  NO. 

UNITS 

L„ 

Beam  length 

tt 

I) 

m'‘ 

Mass  rate  of  burning 
per  unit  aria 

2.2 

kg/m2 

N>. 

Spectral  radiance  of  a 
source  at  wave  length  X 

4.7 

W/m2 

1’ 

Partial  pressure  of  species 
in  tin-  fire 

atm 

q" 

Thermal  flux  at  any  location 

5.4 

W/m2 

g 

Thermal  energy  radiated  in 
unit  t ine 

2.4 

W 

t 

Tine 

s 

t 

H 

Pur  at  ion  c>!  spill 

a 

T 

Temporal  lire 

K 

u ,  V 

u 

Wind  speed 

■/a 

* 

u 

Nond  linens  tonal  wind  velocity 

2.2  ,  5.3 

- 

V 

V  dci  itv  of  gravity  spread 

6.2 

m/a 

3 

V 

Total  volume  of  spill 

tt 

X.  X 

S 

p j  st  unco  to  the  radiation 
•  mitt  ing  tioui  e  e 

2.3,  4.4 

B 

y 

Total  liquid  regression  rate 

5.1 

m/a 
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SYMBOL  RESCRIPT ION 


EQUATION  NO.  UNITS 


CREEK  LETTERS 


a 

A 


t 

0 


0 

max 


V 


T 


T 


a 

b 

f 

1 


I. 


Absorptivity  of  a  specie 
Fractional  density  defect 

Emi  ss  iv  tty 

Tilt  any.le  of  the  flame 
axis  with  respect  to 
vertical  caused  by  wind 

Maximum  semi  cone  angle  of 
wide  angle  radiometer 

Wave  number 

Wave  length 

Density 

Atmospheric  transmissivity 

Also  used  for  optical  depth 
parameter 

Transmissivity  of  radiometer 
window 

Transmissivity  for  wave 


P1 

2.8  (1  -  - - - ) 

•w 

rad 

5.5 

1/  X  m  1 

m  or  pm 

6.2  kg/m3 

2.5,  5.4 
Kig  B . 3 

6.1 


Band  width  parameter  cm 

SUBSCRIPTS 


Air 

Black  body 
Flame  conditions 
Inc ident ,  initial 
Llqu Id 
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A'r'M’lX  A 

i.  ntK  sas'w,i(;  vu  :ri  be;:  jxikrkkromkt!:i» 

The  :  ik  Ip’.**  ot  1'iH'ra,  Ion  ol  this  spect  romi-UT  1’  tuned  on  a  multi¬ 
plexing  method.  (‘otiventlon.il  spect  rometer*  are  base’  on  turning  a  mono¬ 
chromator  -  using  a  grating  or  a  prism  as  n  diapers!  u*  element  -  through 
the  range  ot  interest  and  recording  the  spectrum  to.  sequence.  li.  .1  multi¬ 
plex  spectrometer,  the  whole  range  Is  observed  s ! mu  1 1 ancons  1 v .  Much  better 
s  1  gu  a  1  t  o- :io  1  »e  ratios  arc  t  hu  obtained  and  thi-  a 'vintage  can  be  traded 
tor  speed  't  wUNurcnent  ,  thus  making  the  Inst  r\.  particularly  uselul 

tor  taking  spect!. t  ol  t  las'-varv  ing  sources.  In  1  lied,  the  spectrum  is 
St  finned  st>  last,  that  the  fluctuation  ot  the  source  doe;  not  have  lime  to 
at  Sect  the  shape  o:  the  recorded  spectrum. 

mi  in.j.x  si’i  i  tromi  :rks 

ITic  t  lassie  example  t>  t  .1  multiplex  spect  row  ter  Is  the  Michel  son 
Interferometer  In  which  ('in'  ot  the  retie-  tors  is  able  to  move  at  a  steady 
spee  '  n  in  a  series  i  f  stnalj  jumps,  -a-  at,  to  change  the  Interferometer 
nr*  tiffetetree  at  a  -in  1  form  ;.;tc.  Th«  «l«m»iitan.  llu-uis  ol  what  happens 
) s  as  foil nc s : 

In  Klgnte  A- 1  let  the  Incident  radiation  have  amplitude  A  and  wave- 
rernher  ,  -  1  at  the  morv.it  when  !t  reaches  the  bear.-sp]  1 1  t  er .  The  prlmarv 
he  ita  1  <4  divided  into  two  beams,  ne  transmitted  nn.i  one  relief  ted.  After 
•pi. sing  along  the  tw  paths  the  t'e.ims  teturn  t  >  the  benn-sp 1  It t or ,  where 
the  amplitudes  re.onbine.  Taking  Into  account  their  respective  phases 
lie  to  the  dittrrent  optiial  lengths  of  their  respective  paths.  The  rc- 
Siitart  transmitted  lntensliv  1  an  he  shown  to  he; 

It.’. )  «  (  ,  )  1  !  r  i  o  s  f  - )  1  (All 

whele  ’  Is  th*  ditterenee  In  the  lengths  of  t  lie  two  paths  traversed  bv 
the  two  beams  through  the  Interferometer. 
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Thus  ,  the  t  r  .ii  ,ul  l  ted  1  n  Ion;. I  v  y  varlt'h  Hi  ny*ol  :1a  1 1  with  The 

Intensity  an)  I  rt  quom  v  of  this  wave  are  proport  Iona  1  to  the  Intensity 
■tnJ  wave-iuiniSe t  of  the  incident  t-rdintlon. 

It  the  Input  radiation  const  ts  «*i  a  number  of  different  wave-numbers, 
each  with  its  own  ingenuity,  the  output  ot  the  detector  will  be  a  number 
of  cosine  waves ,  e/u  n  of  dlf  fftritt  amplitude  and  period.  The  recording 
•I  the  detector's  output  is  called  the  lnterforogram, 

This  lh  the  core  of  the  multiplex  system.  H.,1:  of  all  the  radiation 
passing  into  the  instrument  Is  tolle«ied  by  one  detector,  and  the  detector 
signal  can  be  recorded  and  processed  at  leisure.  The  Instrument  looks  at 
all  the  elements  of  the  spectrum  all  the  time.  Instead  of  dividing  Its 
lime  equal lv  among  the  elements. 

i:  there  are  S  elements  In  the  spectrum  the  Instrument  will  show  an 
Improvement  of  th>*  nrdcr  of  •  N  In  its  si gnnl /noise  ratio,  as  compared  to 
<i  single  channel  spectrometer  of  the  same  optical  throughput,  and  resol¬ 
ving  power.  Tills  figure  of  Is  in  the  general  case,  where  there  is  no 
a  priori  knowledge  of  the  shape  of  the  spectrum.  The  gain  would  be  much 
less,  for  example.  If  the  spectrum  consisted  of  a  sryill  number  of  emission 
'.  ti.eh  whose  position  was  roughly  known.  Tin*  single  channel  spectrometer 
an  skip  the  parts  of  the  spectrum  that  are  known  to  be  empty,  while  the 
multiplex  spe  trometor  must  plod  on  through  all  the  path  differences  from 
0  to  the  maximum.  This  s 1 gnn 1 /no i sc  advantage  Is  termed  the  multiplex 
advantage  or  the  fell  gelt  advantage. 

In  addition  to  the  multiplex  advantage  (which  onlv  holds  when  dotec- 
•i  i  noise  is  t'n«  pi  ini  ipal  sour-'c  of  noise  In  the  system)  the  Mlcholson 
snort  r  owe  Let  has  a  large  geometrical  advantage  In  light  gathering  powet 
over  lotivenilunal  spec  t  romc  t  ct  s  using  prlsra/i  or  gratings. 

When  viewing  an  extended  source,  the  power  collected  by  an  optical 
Inst  rumrnt  Is : 

P  -  N  A  ..  (in  watts)  (A?) 
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where  N  is  the  radiance  of  the  source  (W/m  sr)  and  A  ft  is  the  product  cf 
area  and  solid  angle,  an  invariant  through  the  optical  path  from  the  source 
to  the  detector.  This  product  A  f.,  sometimes  called  the  throughput, 
is  limited  in  a  conventional  spectrometer  by  the  area  of  the  entrance 
slit  and  by  the  F-nuaber  of  the  dispersive  optics  behind  it.  For  given 
physical  dimensions,  a  definite  upper  Halt  exists  on  the  throughput  limi¬ 
ted  by  the  size  of  available  gratings  and  the  aberrations  of  the  collima¬ 
ting  optics  and  lor  a  given  resolution,  which  defines  the  width  of  the  en¬ 
trance  (and)  exit  slita. 

In  the  Mlchclson  interferometer,  on  the  other  hand,  the  collector  area 
Is  limited  onl v  bv  the  required  optical  preclalon  and  dlametera  aa  large 
as  a  few  cos  arc  possible.  This  is  many  times  larger  than  the  area  of  a 
typical  monochromator  slit.  The  permissible  solid  angle  is  of  the  same 
order  of  magnitude  tor  a  Mlchelson  aa  for  a  conventional  instrument  - 
being  governed  by  substantially  similar  considerations  of  optical  path 
length  and  aberrations.  The  result  is  an  advantage  of  typically  a  factor 
of  1 00  or  more  1m  throughput  for  the  Mlchelson  scanning  Interferometer 
over  a  conventional  spectrometer. 

2.  CAL  I  BRAT  ION  OF  SPKCTROMETI.R 

The  calibration  of  a  spectrometer  la  performed  by  viewing  the  radiation 
from  .i  standard  black  body  and  thereby  establishing  the  Intensity  seal*  for 
the  spectrometer's  output. 

For  t  lie  spectrometer  used  in  the  experiment  at  NWC ,  the  calibration 

in  spectral  Intensltv  was  done  in  teres  of  radiant  Intensity  bv  viewing  an 

2 

unco  1 1 lmated  black  body  at  1116  K  with  an  area  of  1.99  cm  and  located  at 
0.10  m  (1  foot)  from  the  aperture  of  the  spectrometer.  The  spectrum  of  the 
1116  k  black  bodv  measured  during  the  calibration  procedure  la  shown  In 
Figure  4.4.  The  spectrometer  used  had  a  6*  (full  cone)  angle  of  vlsw. 

A  cone  of  6”  angle  subtends  a  diameter  of  D  ■  3.2  cam  at  0.3048  a  distance. 
Considering  that  the  black  body  had  a  nominal  diameter  of  1.6  cm  (area  1.99 
co‘)  the  calibration  source  filled  about  half  the  diameter  of  the  field  of 


The  scale  fuu  !  .  toi  the  a;n  .  i  r«  1  i.'un’e  (or  1  liut  1  h  dete.tttimv  by 

comparing  the  n  ak  .:.cotral  radlu-ice  lor  the  known  black.  body  and  the  out¬ 
put  from  the  spectrometer.  Using  his  information  the  actual  intensity  of 
radiatUn  received  bv  the  spoct  i  omet  er  (v.ten  it  was  used  236  m  away  l  rom 
the  flame)  is  calculated.  T!ie  pi .  dure  given  below  Indicates  the  method 
of  obtaining  the  ordinate  scale  for  the  experimental  spectral  results. 


The  spectral  radiaine  (N^)  ■>:  a  black  boiv  radiation  is  given  by  Planck 
equat  Ion  (Hottel  an!  Sarofim,  I9b7). 


tr^(VxK^)-Q 


where  N-  -  Spectral  radiance  (W/m“  st  m)  for  a  black  body 
^  »  wave  length  (ra) 


T  -  temperature  of  black  body  (K) 

.  -16  2 
■  Planck  h  first  constant  ■  i.74  x  10  W  m 

_2 

0,  »  Planck's  second  constant  -  ]  ,  f^88  x  10  m  K 


It  Is  known  that  the  maximum  spi.tral  radiaine  at  at",  given  temperature 
Is  given  bv  : 


N  -  ■>.091  x  10  (  1  ’  tW/'ts*  st  m) 

A,  max 

and  the  maximum  intensity  occurs  at  a  wave  length  given  by: 
2.8978  x  10*  ’ 

..  "  -  i  r, ) 

N  .max  T 


(At.) 

(A5) 


For  the  1116  F  black  bodv  calibrating  source,  the  peak  spectral  rad?- 

9  ^  •> 

ance  has  a  value  7.085  x  10  V/m~  st  m,  ( 1  .  e .  ,  7.085  kVI/m*’  st  ^rj)  and  this 
occurs  at  a  wave  length  of  2.597  x  10  ^  si.  The  theoretical  black  bodv  curve 
for  1116  K  source  is  plotted  on  Figure  U.U  normalized  to  the  peak  it  tensity 
being  represented  bv  0 . 7  apparent  units. 


Assuming  that  the  spectrometer  has  the  same  calibration  constant,  'i.f. 
output  signal  strength  to  input  power)  at  nil  wave  lengths,  the  signal  it 
put  from  the  spectrometer  can  be  related  to  the  power  input  at  any  vv.  r 
length  bv: 
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where  A 

is  the  spectrometer  aperture 

area  and 

X  the  distance  between  the 

4t 

source  and  the  instrument 

.’ip**  rf  urt* . 

from  the 

cal lbrat Ion 

with  black  bodv 

source  we  have,  bv  assuming  the  atmospheric  transmissivity 

to  be  unity. 

i  >4  2v 

7.085  (kW/oT  Hr  ,.m)  x  d  •  ( wo)  x  1.99  x  L°  _  1  (a?i 

0 .  /  ord  inate  -  t_A  —  -  - - - -  v  ~  ~ 

si’ .ilc  units  O.  lOsft  (m  ) 

Similarly,  when  the  lust  rmaeiH  is  used  in  the  field  we  have: 

S 

1.0  ordinate  •  CA^d*  J — ,  (Aft) 

1 1  e  'ini  t  «  ’  tf’ ‘ 

(full  Swill’) 


where  N  in  the  spectral  radiance  of  the  f I  one  corresponding  to  the  full 

A  •  ‘ 

scale.  Tn  this  it  is  assumed  that  the  same  signal  strength  attenuation  was 

maintained  on  the  spectrometer  output  when  exposed  to  the  black  body  and 

when  exposed  to  the  tire.  Substituting  for  the  instrument  constant  CA  ^ 

from  equation  A  7  into  equation  Aft  and  assuming*?'”  1,  the  apparent  radiant 

lnt  enw 1 1  y  of  the  llatne  represented  bv  the  full  scale  reading  la: 

;.ofts  /  :i<.  \  :  ..-U 

N  ,  .  ,  ,  ,  x|_  1  »  l.i*  *  1U 

f  (  f:j  1  1  SI  ale)  0.7  \0.  S05  J 

•  1210  kW/ sr  f»m 


In  the  i nurse  of  the  actual  experiment,  it  was  necessary  to  change  the 
attenuation  on  the  instrument  so  that  the  data  could  fit  within  the  physi¬ 
cal  size  of  the  plot.  Tills  was  necessary  because  of  the  more  than  expected 
spect-al  radiance  of  the  flume.  Therefore,  considering  thl*  additional 
attenuation,  the  full  scale  on  the  apeilral  graphs  presented  should  be  read  as: 

N  -  ■'(>00  kW/sr  Mm 

^,f  (full  scale)  ' 
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SP KCTRA1 .  CAl.CUI.AT TONS 

l._  Calf  u  1  a 1 1  on  .  t  he  Emiss  1  ve  l’ower  oi  the  Klaav  Using  the  4 . 3  CO*, 

Band  Data  Keep i  vcd  bv  the  Spectrometer 

In  this  part  of  the  appendix  calculations  have  been  oxide  to  obtain  the 
band  absorpt ivi t tea  an  1  band  etnlss i vl t lea  of  the  4 . 3  CO, .  knowing  the 
transmitted  spectrum  of  the  4 . 3 ^4m  at  236  m,  the  emissive  power  of  the 
flame  is  oale'ula  ed. 

Ihe  genet  a l  approach  to  the  ealenlatlon  of  the  band  emissivlty  and 
absorptivity  Is  similar  to  that  indicated  by  Edwards  and  Balakrlshnan 
(1473).*  In  fact,  many  of  the  figures  given  in  their  papet  are  reproduced 
here.  The  following  is  the  sequence  of  steps  fir  “alculating  the  flame 
emissive  power. 

1.  Assuming  a  flame  temperature  the  absorptivity  of  the  4.3^Am  CO^ 
band  In  the  atmosphe re ,  for  236  m  path  length.  Is  calculated. 

2.  The  etierp.v  received  bv  the  spectrometer  in  the  4.3,*»  band  Is 
determined  !  torn  the  spectral  data.  This  energy  Is  divided  by 
the  black  bodv  onere.v  to  obtain  the  npj arent  emlsslvltv  of  the 
band . 

3.  The  sum  of  apparent  emissivlty  and  the  atmospheric  absorptivity 

gives  tlie  true  band  emissivlty  at  4.3  fAm  band. 

4.  from  the  above  emlsslvltv  the  equivalent  bandwidth  for  total 
absorpt 1  on  (A)  is  calculated  at  the  flame  temperature. 

5 .  Using  t  ha  above  Information  the  partial  pressure  beam  length 
product  for  l'*T  Is  obtained. 

A. 

b.  Noting  t  tie  CO,  and  H  ,0  partial  pressure-beam  length  product  and 
using  Hot  tel  charts,  the  total  gas  emissivlty  Is  calculated. 

To  tills  Is  added  the  soot  emisslvitv. 

7.  The  total  erisslvlt  .  times  the  black  bo<lv  emissive  power  gives 
the  flame  emissive  power. 

Calculation  of  CO,  Band  Abao-.-i  1  vl t v  in  the  Atmosphere 

*>•’  atmosphere  temperature  -  300  K 

*  The  purpose  of  t  tie  calculation  bv  these  authors  was  to  obtain  gas  emissivlt 
given  a  temperature,  specie  composition  end  beam  length.  Our  <alrulation  1 
somewhat  opposite  of  this. 


fi-1 


Partial  pressure  of  C0-,  in  the  atmosphere  ■  pCQ  -  3.3  x  10  stm 
(see  Tab  It'  (.1)  ^ 

Total  path  length  through  the  atmosphere  ■  L  »  236  m 


Hence,  (p„,  L)  .  ■  7.8  x  10  stm  m 

CO.,  atmosphere 

Optical  depth  parameter  (?„)  for  300  K  ■  104 

n 

from  Figure  B-i  and  4 . 3  Jim  C0o 

ji  ~~  -  7*6  k  10*  (Bl) 

In  the  above  equation  the  pi.  parameter  should  be  in  the  units  of 
meter  atmosphere. 

Value  of  line  width  parameter^?  from  Figure  B.2  for  4.3  CO^  band  ■  0.3 
Value  of  bandwidth  parameter  from  Table  B.l  for  4.3  CO^  band  ■  11.2  Cl 

Now.  ^ 

40  (3o° K)  =•  "»  =  iq-l  Cm-1  <B2) 

The  equivalent  pressure  P  defined  by  F.dwards  and  Balakriahnan  is  in 
general  equal  to  unity  in  most  eases  of  practical  applications .  We  note  use 
Figure  B.l.  the  universal  band  absorption  curvm  Corresponding  to  an  shclssa 
of  780d,  the  ordinate  on  the  curve  “  0.3  cannot  be  obtained.  We  therefore 
use  t  he  equar  ion  : 


(7  \o  +  2-7 


donee  K*  *  '.It,. 


Therefore,  total  hand  absorption  width 


A  -  A  ^  ^Tr* 


Th(  band  head  for  the  4.3 


J*.tn  CO^  hand  is  located  at  fC  m  2410  cm  . 


The  spe<  rr.il  intensity  of  a  black  body  (1  .  )  at  this  wave  number  is  cal* 

it  ,b 

culntcd  using  the  formula: 


EXPONENTIAL  V. I  DE-BAND  PaHAMKTERS 


V  iN  ittv'llk 

l».i  ,  . 

Pit'Mv.it  ('a  jmdc.t 

'  |\\iiii  iuw..;*  ip 

Bind 

ption  (>4r4fTpric(i 

(ill 

S  t) 

4  n 

*.  *.  ». 

*  ‘o 

i.m  ) 

1 10  -  IW  kl  i 

k  .n  ‘i  um  ‘  i  Urn  ’ ) 

Um  ‘  |m  m  J 

i 

'i 

i  H.O 

1  Hl'Un-r 

ll 

*(  -  lh'J 

1  HI..’ 

i* 

':k>o» 

OI4JII* 

28  4* 

»  ,  -  1  W* 

i'  lui 

•  ,  -  '  *6 

:  <  i 

leW„  !  ’  <  u  ' 

IftOO 

41  2 

009427 

56  4 

*.  - 1 

Ul'i 

1 

V:  -  1 

\  ;  -  H 

w>  -  ' 

j  :  •• 

019 

I  DO 

1  »  M. 

MfO 

:  *u 

0I'2I9 

ft (.VO 

(Ml  | 

4  "■ ' .. 

i  M(I_  )i'  •  (D 

5)*«0 

>0 

0(>Sl69 

41  1 

'  •  ••*  l. 

i  *  'a  !0  7  4  *  o' 

J  A 

0Mft> 

j:  o 

1  <»  1 

:  in, 

«i  -  X 

I  I1- 

*,  -  MM 

o  :  d 

i  a 

ft<>7 

IVO 

00615? 

12  7 

•  j  -  br  ' 

?  ■■ * i 

*  ,  •  2  \Vft 

i  • , 

ok  j  y 

VflO 

2  4’  .  10  * 

1*0401? 

1X4 

-  1 

>9  4.. 

¥i  -  - 

’  .  * 

(**  i  \ 

KlftO 

:<s  ^  io  *» 

Ot  I8l»t 

101 

y.  -  ■ 

H'h 

I'  D  | 

L>  4  J  » 

:4iu 

MOO 

024721 

:i  2 

;  o  i 

Oft'  .  *« 

XftftO 

40 

01)141 

2)  5 

;  r  1 

(•ft'  i  » 

'?(K) 

CKVrfi 

OXvViS 

)4  5 

J  co 

«■!  — 

1  4  •  M 

f  •  :u^ 

J 

ok  i  ; 

:mx 

209 

tv  0  ?  MX* 

25  5 

*?•  -  1 

:  : " „ 

2 

<1*  10 

4,'fA) 

014 

Ol6\'fc 

200 

4  SO 

«N  «  i 

1  ' 

-  )!'<■ 

1 

OH  1  0 

1**6 

90 

OlkuSI 

200 

9,  *  • 

5  SO, 

M  ' 

i  • 

-  MM 

O  ’  i  2* 

Mv 

4  22 

OO'.'v  1 

3108 

-  M9 

•  *  *  <  i. 

-  I  161 

i  «•  ■ 

O  1  > 

MM 

X  A’J 

Only  5  2 

24  V 

¥.  “  1 

i  '  “  »• 

<l  -  1 

(Pi  1 

Oft'  1  > 

1  x<  \ 

,'v  V- 

*>40299 

V  "8 

W»  *  1 

4  4  W  ^ 

2  l)*» 

Oft  1 

:>si 

0  4;x 

0  4 ' 1 3 

16  45 

' 

1  •>  1 

n*  i 

: '  i : 

O.Hft 

O'WV 

1  >  VI 

&  i  n. 

>*1  -  <1 

1  *. 

*,  -  ?vj4 

2  \  *i  , 

«>s  1  » 

mo 

:*o 

ORfcOfc 

21  0 

-  *x.\< 

Ofc  l  x 

\<>Si 

i#.r» 

ft  1  V.Q  1  1 

<fc.n 

*,  -  1  X* 

1  ( •  „ 

J «  “  1 

;  i.  * « 

0  %  IX 

4.\'0 

29 

03*429 

600 

Vi  *  2 

*  •  ’•  H 

».  -  ’ 

ll»i 

D»  |  X 

042 

064594 

4X0 

tfi  -  1 

*  lor 

lf><  '-'Ij'i.-nj! 

*  I'M  >  M 

(  ).  r  7  •  -  » -  J  fV  <  7  I 

•  '•  .  7  r  )  » 

0(h<f 

»  »f  i,.  '  *,  j*. 

.  ’  ..'f  v 

(.*  eg  ..il>.«r  «  i#*»  i  >i  4  •  v! 

•  ]  •  •  i  if>|V,lrw  l» 

f  BfiiU'C  iW  1  crmi  rc**'n.m  r  Si 

mi  eft  Ilf  •  .1  ?>d  ?  -  i  »f 

1  •  t‘v  f  j  itj  ♦  fumOoi 

,  f.v  i  hr  |«4^i  v  <u 

1  hjftd  Iff  IO  Ibt^ 

of  ih<  9*a) 

c  m  ftmJ  .  i 

f  i->\  il<  Kl  of  *  (■■  r  if.c  9m  '  .  m 

1  («'  jet  T  irui  t1  (\vi  fithft  Kiftd 

Snurr?  :  tdu/irdn  /in  1  Bnl akr  1  slinan  (1973) 


na!M;  »  1;  NORMALISED  optical  depth  palters. M  m.,0,.  co^aislco 

-  . .  wojdVVs  gas  teweratom: 
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FIGURT  b*2:  l.IKDE  WIDTH  PARAMETER 

—  - vs'  gas*  Yrafr'dOT  VKF.  ' 


FIGURE  B.1:  UNIVERSAL  BAND 

- -  — -g&jogiTrai  curves 
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wtu'i'i-  j£  l  In'  wave  number  is  In  ra  and  C  and  C  are  Planck’s  first  and  second 
constants  (hottel  and  Sarotlm,  1907,  p.  14)  given  by: 


,  . ,  -lb 

l.n  *  111  i-  m 


f  ,  -  1.4  ihS  x  In  r.  K 


Ising  equation  1'  >  and  the  .absorption  bandwidth  obtained  from  equation 
Hi  the  at  roospher  i  c  ibsorp t i vi t v  for  the  4,3  1.0.,  hand  is  calculated  by: 

°V»-  a  — , 

b 

where  K  t  T)  is  the  black  edv  emissive  power  at  temperature  T. 
b 

The  results  of  these  calculations  for  several  different  flane  t enpcratures 
ate  shown  in  Table  b .  7 . 

Apparent  Hitts-,  ion  !  t  o",  i'1-,  hand  based  Oil  the  :  ne I  yy  Kt  ielVed  by  the 

Spec  t  romot  el  iron  •,  '  I"..  hand 

figure  b.s  shows  tin*  speitral  data  recorded  .’()  s  into  the  burn  (Scan 
"  >'.),  The  line  structure  hevond  about  4.7 jju n  is  due  to  the  water  vapor 
absorption  band  (at  b.47^ini).  The  atmospheric  t  ranstni  ss  lvi  t  v  over  a  TOO  m 
p.itli  length,  for  the  region  hevond  4 .  3  y*  m  is  also  shown  (Ref.  Wolfe,  19b5, 
p.  J5i).  Tills  attenuation  is  caused  principallv  by  N.,0  in  the  atmos¬ 
phere  up  to  4,bS^*n  and  hevond  that  the  water  vapor  efiect  is  dominant. 

In  order  to  distinguish  between  hot  emission  i4.j)  and  hot  H-,'> 

emission  (  b .  4  7  )  from  the  flame,  we  first  plotted  the  ratio  of  observed 
spectral  Intensity  divided  bv  atmospheric  transmissivity.  The  resulting 
spectral  line  Is  shown  in  Figure  B.4  and  titled  "atmosphere  absorption 
corrected  line."  The  4.1^|m  ('0,  cnergv  emitted  from  the  flame  that  reaches 
the  spect mmetet  is  then  set  equal  to  the  hatihed  area  shown  in  Figure  B.4. 
Admittedly,  there  is  some  Judgment  involved  in  assigning  the  proper  amount 
o!  energy  t-'Ceived  to  the  Id),  emission. 


1ABI.E 


2 

Area  of  hatched  part  of  Figure  B.s  »  3 . 8  kW/tn*' 

Therefore,  total  energy  per  unit  area  of  flame 
CO,  band  that  Is  received  bv  the  spectrometer  **  7T"  * 


8r 


surface  emitted  by  4.3^m 
3  8  -  11.9  kU/m2 


Hence , 


F.»l  1 1  <vl  enet  gv  In  the  a.i  band  •  apparent  energy  emitted  +  energy  U>) 

absorbed  In  the  hand  In  the 
atmosphere 


Therefore , 

band  emlssivltc 

Tin-  result  ol  npplvlng  equation  (BH),  for  various  flame  temperatures 
assumed  is  shown  In  Table  I'.'.  The  methods  of  calculation  of  various  param¬ 
eters  shewn  In  the  table  ate  Indicated  below  the  table. 

in  s cuss  ions 

Tie  c.  iicul.it  lor.  of  the  partial  pressure  of  carbon  dioxide  in  the  flame 
Is  extrenelv  sensitive  t>>  the  value  assigned  to  the  energy  received  by  the 
spectrometer  in  the  -'*.3  C",  band.  This  sensitivity  is  due  to  the  fact 

that  the  ahsorpti.n  bandwidth  varies  as  the  logarithm  of  the  optical  depth 
in  the  region  ol  our  calculations.  Thai  Is  the  partial  pressure  (which  Is 
proportional  t o  the  optical  depth)  varies  exponent  la  1 ] v  with  the  calculated 
band  emissi-.  itv  (set  Hot.-  S  in  Table  B.3).  Therefore,  any  small  error  that 
r.  s  Its  in  i  ne  estimation  of  energv  received  In  amplified  exponentially  in 
the  e-timste  e:  >!:*.  ",  partial  pressure.  because  of  this  the  partial 

pressure  tesults  should  be  analyzed  verv  carefully, 

The  apparent  tsslve  pov.-j  ,>f  the  s.3  CO,  band  is  e«t  imated  (from  the 

2 

enet  gv  r<..  lve.i  bv  the  spec  1 1  "rte  t  er )  to  be  11.9  kW/m  .  Consider  for  exam¬ 
ple  vh  u  tills  implies  if  the  !  1  awe  temperature  in  1300  K.  The  atmospheric 
absorptivity  Is  0.0. *4.'  ,-iiKi  therefore  the  band  emissivity  in  0.1177  (lee 
Table  B.l).  Ibis  lords  to  a  predicted  co2  partial  pressure  of  4.31  atmll 
Cl.arlv  tills  is  phvstrallv  unacceptable  because  the  ambient  pressure  is 
onlv  one  atmosphere  and  the  ; ir<  i  burring  in  the  open.  In  fact,  the 


Apparent  energy  emitted  pc  r  unit 
Black  body  emissive  power 


area 


Atmospheric  (Bfi) 
band  absorptivity 


B'  i 


partial  pressure  ot  CO ,  cannot  he  larger  than  the  value  corresponding  to 
the  st ol chiomc t r i c  combust  ion  of  methane  and  air.  Tills  value  is  P^.,  ”  0 .09  a 
atm.  Also  the  amount  ot  CO ,  that  is  converted  into  the  fire  by  the  en¬ 
trained  air  is  small.  Calculations  have  been  made  with  dittoront  (assumed) 
flame  temperatures .  Oulv  In  the  i  ase  of  t lame  temperature  of  1500  K  does 
the  calculated  CO,  partial  pleasure  value  occur  In  the  physically  accept¬ 
able  range.  This  temperature  is  close  to  the  temperatures  occurring  in 
ether  hv.irocarbon  l ml  flies  iKurgess  and  Hertzbeig,  197s), 


Vhe  « v.i  1  d.i t  i  .*-.  > 


[  erper.it  ui  e  is  based  on  the  apparent  radi¬ 


an.  e  of  t  he  4.  CO,  hie.nl.  Phis  is  shown  In  Figure  b.4  hv  a  crossed 

area.  The  value  .' this  radiance  is  11.4  kV/n’  . 

There  are  different  tyres  .■> f  errors  that  rcav  centrihute  to  the  lnac- 
cura>  v  in  the  estin.it  leu  ot  .  1  _*m  hand  energy  emitted.  These  arise  as  a 
i  or, sec, uelVe  ot  tin*  (  1  !  impiipet  chni.  c  ot  the  upper  wave  length  for  the 
4.  f»  and ,  t.’)  un>«rt.iint\  tn  the  magnitude  ot  atmospheric  absorption 

and  (T)  emission,  (  11  tail,  ot  proi  i  si*  knowledge  of  the  total  area  of  the 


.  .i.  i  i.  i  .-  ..i.ui. 


vi ;  v  >!  t h t*  sp1.  t  y t'r.i' 1 1’ r . 


The  procedure  bv  which  the  upper  wave  length  limit  of  the  4.3  C0^ 
hand  was  determined  has  been  described  in  an  earlier  part  of  this  appendix. 
IT.  Is  procedure  relied  on  the  atmospheric  transmissivity  data  obtained  for 
lot t  n  path  length.  ‘Tin*  spe.  trotnotet  was  used  at  736  ra  distance.)  Firat 
of  all,  onlv  tm*  ;  .■.n;  t  i  .ins- j  ss  i  v  i  t  v  values  correspond  lng  to  wave  lengths 
were  used;  whereas  in  the  actual  at roospher 1<  transmissivity,  there  arc 
significant  line  structures  (see  Wolte,  1965).  Secondly,  the  transmissivity 
for  a  .’7p  ts  lengtfi  !  *.  higher  than  for  300  m  length.  The  ordinates  for  the 
line  tit  ".it  nosphofi*  .ihsotption  toriei  ted  line"  in  Figure  B.4  were  ob¬ 
tained  bv  dividing.  •  pec  t  roinr  t  ei  outpet  by  Atmospheric  transmissivity  corres¬ 
ponding  t.*  100  n  noth.  If  the  corn  *t  transmissivity  pertaining  to  236  n 
path  length  weie  I'.ed  ,  (lie  >  idlnatc  of  the  atmosphere  absorption  corrected 
line  will  he  1  owe t  and  ht-nce  the  estimated  apparent  emissive  power  In  the 


b-  1  i 


4  .  3  band  will  be  lower.  Also  llil-  coin  :'<lon  <  piohabl  ■  dei  reuse 
the  posit  o  of  h,  n|  per  band  cjvc  length  icsul  1  lug  In  a  (urthei  reduction 
In  t  he  inn  u  the  batched  pi  tilon  In  Figure  l> .  4  and  hence  a  lower  tlame 
emissive  jK'vt' .  Assuming  that  tie  absorptivity  In  the  a itno sphere  is  directly 
propo.’t  to.ial  to  path  length  then  accounting  for  T  16  m  path  length  rather 
than  using  the  data  lor  1<'J  m  path  length  results  In  about  10X  reduction  In 
the  apparent  emissive  power  of  the  4.3^tm  CO,  hand. 

The  sm  eml  urcert  alnt  v  is  the  presence  CO  In  t  lie  fire  and  the  magnitude 
ot  Its  emission.  a'  i mi t s  relatively  strongly  at  i.7^no;  however.  Its  band¬ 
width  is  snail  and  hence  the  energy  emitted  Is  s.rwil  1  .  It  Is  conceivable 
that  to  10t  el  the  apparent  emissive  pi  wet  Is  due  to  CO  emission  but 
this  Is  being  interpreted  as  Co,  emission  because  the  bands  overlap.  There 
Is  no  known  wav  of  resolving  the  CO  and  (10,  emission  from  the  observed  data. 

Finally,  there  Is  some  uncertainty  Introduced  in  the  calculations  be¬ 
cause  of  the  lack  of  precise  Information  on  the  area  of  the  flame  seen  by 
the  spectrometer.  The  axis  ot  the  spectrometer  was  aimed  at  3  to  5  #  above 
spill  point.  We  have  used  for  the  <ab  illations  the  flame  area  corresponding 
to  the  aim  4  m  above  water  level.  If  the  aim  was  say  5  m  above,  then  the 
flame  area  seen  bv  the  spectrometer  Is  about  bT  higher  than  the  nominal 
1 1  a ok'  area  used  In  out  cal cu 1  at  ions .  In  that  case,  the  apparent  emissive 
power  of  the  fl.ut.e  will  be  about  TJ  lower  than  Indicated  In  our  calculations. 
Secondly,  vi  are  using  the  visible  (lame  area  In  our  calculations.  The 
spec  t  roaxc  t  et  on  the  other  hand  It.  able  to  see  Infrared  radiation  i  t  ora  hot 
gases  outside  t  fie  tlame  which  nnv  not  radiate  In  the  visible.  In  this 
case  also  the  effective  flam*’  area  seen  by  the  spectrometer  Is  higher  and 
hence  the  effective  band  emissive  power  (which  power  emitted  per  unit  flame 
ari.ii  of  the  4.*  ( i' ,  band  will  he  lower. 

Tin'  ,11  sousst  ins  above  indicate  that  all  of  the  errors.  If  properly 
a  counted  for  fend  to  reduce  the  apparent  emissive  power  of  the  4.  1  ^tro 
Of,  band,  compared  to  the  value  Indicated  In  this  appendix,  In  other  words 


*  This  is  not  necessarily  a  valid  nssumpt  foil  for  all  wave  lengths  because 
of  hand  absoiptions. 
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the  flame  t en.pt- rat ure  consistent  with  physically  acceptable  partial  pressure 
for  (-0,  could  h»-  lower  than  SUU  K.  It  could  also  mean  that  the  flame 
temperature  is  ! SOU  K  with  excess  air  In  the  fire.  There  Is  no  way  of 
obtaining,  with  t  ;ie  present  lata,  tin  correct  values  for  the  flame 
temperature  and  the  tract  ten  ot  excess  air. 

li.v  conclusion  from  t .. .  .  anal  vs  Is  Is  that  t  lie  correct  temperature 
tbit  should  hi'  a*"-:gnod  to  I  he  1  1  anu  is  1  S00  K  and  the  C!0,  partial  pressure 
estimated  at  this  t  errper.n  ur«  Is  eipial  to  the  stoichiometric  value  (0.095  atm), 
’hi  use  .'1  spectral  data  to  >btain  iniorm.it  Ion  more  preclselv  than  the 
.ib->ve  ri  -ults  cannot  he  a  ccom.pl  t  shed  . 


*•  i'alcti  lilt  ion  oi  Total  Radiant  Knerjjv  Received  at  the  Posit  Ion  of  a 

Specific  Radiometer  I'slng  the  Oiarac  t  er  i  «i  1  os  of  the  Flame  Peterwlned 
hv  S^iec  t  t  a !  tla  t  i  ’  " 

In  the  tlrsl  part  of  this  appendix  the  emisslvltv  of  the  flame  In  the 
9 . )  hu,  hand  Is  calculated.  From  this  Is  Inferred  the  partial  pressure 
length  product  for  <  i>.,  and  also  foi  H_,0.  Assuming  these  to  represent  the 
real  situation  In  the  Mane  and  assuming  a  flame  temperature  of  1500  K,  the 
mutant  flux  received  hv  a  soc< I f  led  wide-angle  radiometer  la  calculated. 
This  calculated  energy  <s  compared  with  the  radiant  flux  actually  measured 
bv  (he  radiometer.  The  procedure  for  performing  these  sets  of  calculations 
Is  1  nrl  I  e  if  id  be  1  nv  . 

The  .iliui.itin.1  p ;  o.  edi:  i  e  consists  o'  the  following  steps: 

I-  a  1 cu  1  a t 1  on  of  eife  i  1 vc  path  length  for  radiant  energy  between 
the  flan--  and  radiometer.  Then  using  the  atmospheric  conditions, 
obtaining  the  parti  il  pressure  length  product  for  H^O  and  CO^  In 

t  h'  .  •  mo-  phi' I  e  . 


HI 


2.  Calcu1.it!  t  ot  band  am  sslvl t  !es  of  vaiioiiri  bands  o!  (0^  .nod  li^O 
li.  th«  t  i.i..,i'  lor  the  given  flrt'iae  temperature  .'.ad  partial  pressure 
lenRth  product  values  lor  the  two  species. 

Fiom  the  a t mos  "ho r  i  t  path  length  and  tempo  i  at  on  ,  the  band  absorplies 
tor  dikleient  11,0  and  CO,  bands  are  calculated. 

s .  The  view  factor  between  the  fltime  and  the  radiometer  Is  calculated. 

i.  1  tic  total  one r fv  received  bv  the  radiometer  is  equal  to  the  sum 
ot  Individual  baud  miasivitv  less  the  atmospheric  absorptivity 
multiplied  bv  t bo  black  body  emissive  , ower  iuu  the  view  factor. 

To  tills  Is  add»d  the  soot  omission  whit  I.  is  assumed  to  go  through 
the  atmosphere  unat tenunt ed . 

The  cal  culat  ion  procedure  is  Illustrated  tor  n  wide-angle  raillonicter 
located  at  dO  n  from  the  center  of  th«  sp!  11  .  The  following  conditions 
and  parameters  ate  assumed: 

1 .  Test  #5 

2.  At mosphet 1 1  con  lit  Ions 

Ti  mperat ure  ■  21"C 
u..  i  , .  <  Vt.  u._.  ijjiy  .  <•, 


1.  Mean  f  lorx-  height  fsee  Klguie  ‘>.12)  *  fit  m 

d.  btca.lv  stai«>  flame  diameter  «  11  n 

t  so  V 1  gu re  r>.  S 1 


-  1  S0(;  k 

-  o .  ’  . 

_  i  it  n 

“  1  .  <->  J  tt  L 1U  ID 

■*  0.  91d  atm  m 


Calculation  of  Mean  1’ath  l.en^t  h  Through  tlie_Atroosjdiere 


The  wide- any 1 e  r ad  I  one t e r  is  located  •  'lose  to  the  ground  level 
about  3  m  above  t  lie  base  level  ot  the  file.  because  of  this  It 
receives  a  larger  fraction  of  energv  f rom  the  lower  portions  of  the  flame. 
The  energv  emitted  bv  the  lower  flame  regions  travels  through  a  shorter 
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distance  through  the  atmosphere  before  reaching  the  radiometer  compared  to 
the  longer  distance  for  the  energy  emitted  from  the  top  of  the  flame.  The 
absorption  In  the  atmosphere  being  dependent  on  the  path  length  of  travel, 
the  mean  absolution  depends  on  a  energy  weighted  travel  path.  This  mean 
travel  path  can  be  determined  approximately  by  the  formula: 


X 


(B9) 


where  f  Is  the  fraction  of  energy  received  by  the  radiometer  lrom  the  flame 
surface  at  distance  X.  (Implicit  in  the  above  equation  is  the  assumption 
ths  *  absorptivity  lr.  the  atmosphere  is  proportional  to  path  length.)  Now; 


{ 


o< 


Cos  2e 


(BIO) 


where  0  is  the  angle  between  the  line  joining  the  radiometer  element  and 
an  area  on  the  fin tw  surface  and  the  normal  to  the  radiometer  element  (which 
Is  assumed  to  be  vertical  as  also  is  the  axis  oi  the  flame). 


For  out  calculation  purposes  we  divide  the  flame'  Into  3  parts:  the 
b.i-e,  the  middle,  and  the  top.  The  various  pat):  lengths  and  the  angles 
arc*  calculate  1  t  o  give: 


Distance  from  the  radiometer  to  the  nearest  flame  surface  ■  33.5  a 

Distant  e  f  ram  the  tadlemeter  to  the  flame  surface  at  ■  46,7  m 

tr.iil  -  he  Ight 

Mstan  e  Iren  t  he  radiometer  to  the  f)ame  surface  at  the  ■  73  i* 

top 


The  angles  between  horizontal  and  the  lines  joining  tha  top  of  the 
flame  and  middle  of  tile  1  1  .is:.e  with  the  radiometer  are  respectively  44.1* 


and  62 .  '  ) * .  Hear e  , 


X 


/  CoS1© 

*  X 

<  O 

"  X* 


1  4  0.5:  ^  0.2) 

i'-  ,  46.:  *  7  1 

*  *~  ?  -  “l/.3m 

(  '  I  •  *  '•••; 

13  1.5/  46.  r  7|' 


(Bll) 


(B12) 
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At nsosp he  1  _c_  Pan  1  a  1  _P_r «  t  s nr t s 

_  "» 

datt  "a  i>J  wit  -  v..noi  pressure  at  21  »  2.52  x  10  atm 

-2 

Actual  water  vapor  nreasuro  at  34X  relative  -  0 . 54  x  2.52  x  10 

humidity 

-  1.36  x  10  atm 
-4 

Partial  pressure  of  CO,  -  3  x  10  atm 

_2 

Hence,  (l’L.ljj  1;  tr.e  atmosphere  -  1  .  36  x  10  x  60 

■  0. 816  at  m  m 

(l’l,'  m  the  atmosphere  m  O.Oifi  ntn  trt 

Band  Kmlsslvlt  les  and  Alt  sorjrt  ly^l t  ies 

The  band  emlsslvitles  and  absorp t  ivi t ic s  are  calculated  for  various 
(important)  bands  of  H.,0  and  CO,  by  the  method  Indicated  by  Edwards  and 
Balakrlsbnan  (1971).  Complete  details  are  not  given.  The  results  for 
important  bands  are  shown  In  Table  B-4. 

V 1  e w  K*  dor 

The  view  t actor  between  a  cylindrical  flan*  of  height  65  m  and  diameter 
11  m  and  r.  vertical  element  on  the  ground  at  40  m  from  the  center  is  cal¬ 
culated  using  the  formula  presented  in  the  papet  by  Rn )  (1977  ,  Appendix). 

Fy  ("  -  10,  p  -  6,15)  -  0.0774 
Black  bod-,  emissive  power  at  1500  k  -  287.0  kW/m"' 

Hence,  t  tie  total  thermal  flu>  received  by  the  radiometer  Is  given  by: 

i  =  EiF  [X  +  £  c\  -  •£  **]  <bi>> 

-  287.0  X  0.0774  (0.14  +  0.449*  -  0.203*) 

”  8.58  kV/m' 

If  Hot  tel  charts  are  used  instead  of  the  above  band  wise  calculation,  the 
estimated  value  of  heat  flux  at  the  position  of  the  radiometer  is: 
q"  -  9.9  kW/m2 

t  Using  Hottel  charts  this  value  Is  found  to  be  0.47. 

*  Using  Hottel  chart s  this  value  Is  found  to  be  0.163. 
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VA1.VPS  <’F  CONSTANTS  OCCIJKH 1  NG_I N 
KAMA!  Ik  1  TKANSKKR  CAUTI-ATUhS 

It  is  unfortuiul-.1  that  then  exist  d  i  f  f  e  rein  e  s  between  the  termin¬ 
ologies  used  hy  engineers,  Physicists  and  Spec  t  roscopi  sts  to  denote  an 
identical  physical  quantity.  We  have  followed,  perhaps  Sec  ause  of  our 
engineering  background  the  definitions  encountered  in  engineering  radi 
alive  trans ter  analyses.  however,  vt  f o 1 t  that  a  comparative  table 
indicating  the  differences  in  terminology  was  essential.  This  is  given 
i  rt  T  ah  1  e  C  - 1 

The  engineering  terns  an<t  symbols  are  taken  lrom  the  book  by  Mattel 
and  Sarof i"  11^671.  The  terms  used  hy  Spec t roscopi » t 8  and  Physicists  is 
taken  from  the  Handbook  of  Military  Infrared  Technology  (Iditoi,  Wolfe, 

'.‘lhSl.  The  latter  are  based  on  the  recommendations  of  the  Working 

★ 

Croup  on  Infrared  backgrounds. 

The  common  constants  used  i-i  radiative  transfer  are  indicated  in 

e1'!  e  ■  -  7  . 


Report  of  the  Working  Croup  on  Infrared  backgrounds  ,  Part  II, 
'Concepts  and  Units  for  the  Pre  entation  of  Infrared  background 
! n f ormn t i on  ,  "Report  #7IRd  1  F  -rhe  University  of  Michigan,  Ann 
Arbor,  Michigan,  IRbb,  AI'1?1  ''  '7. 


Energy  Radiated  per  Unit 


THASSFER 


Icnoch 


tabu:  < 


SOMK  COMMON  CONSTANTS  USED  IN  RADI  ATI  VF.  TRANSFER  CALCULATIONS 


No .  Name  of  tbe  Constant  Symbol  Va  liic  Units  Remarks 


1.  Stefan  Boltzmann  Constant  o 

2.  I’lanck  Constant  h 

3.  1’lanck  first  Constant  C 

L.  Planck  Second  Constant  C^ 

5 .  Boltzmann  Constant  k 

6.  Velocity  of  l.i, .bt  in  v.n  uo  c 


5.669x10  * 

2  U 
W/n  K 

l 
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>C 

ri 
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J  s 

3.  74xl(>‘  lh 
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W  m*" 
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^  sec  equation 

1 .  i.38HxlO~2 

m  K 

(  A3 

1 . 3K06xlO~?3 

J/K 

2 . 9QKxl08 

m/s 
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1.  RADIOMETER  ('.AIT  h  RATION  DATA 

Six  rad  tome  torn  verr  used  in  LN(i  teats  1  through  11  and  seven  radiom¬ 
eters  were  used  In  1.NC  tests  1?  through  17.  Two  of  these  are  narrow- 
angle  radiorac te ra  and  the  remaining  are  wide-angle  radiometers.  The 
radiometers  are  Identified  hy  their  serial  numbers. 

All  tue  narrow-angle  radiometers  were  calibrated  with  sapphire 
windows  and  were  used  with  sapphire  windows.  The  wide-angle  radiometers 
were  calibrated  without  windows,  hut  were  used  with  different  types  of 
windows.  The  location  of  the  radiometers  tatd  the  type  of  windows  with 
wlilch.  thev  were  used  In  each  experiment  are  lndii  ated  in  Tables  5-4  and 
t>  -  4 . 

The  radiometers  were  calibrated  with  a  black  body  of  known  temper¬ 
ature.  To  obtain  low  i  r rad  lance ,  the  temperature  of  the  Mark  bodv  was 
decreased.  In  the  following  pages  are  given  th“  calibration  plots  of 
the  radiometers.  Indicated  In  each  plot  are  the  radiometer  identification 
number  and  the  date  of  cal  lb  rat  lor. .  These  calibration  plots  aij  used  in 
determining  the  ltuident  thermal  flux  outside  the  radiometer  window. 
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TRAMSMISSI VITY  OF  RADIOMETER  WINDOWS 

The  narrow-angle  radiometers  were  used  with  sapphire  windows.  The 
wide-angle  radiometers  were  used  with  quartz  windows  In  testB  1  through 
11  and  sapphire  windows  in  tests  12  through  17.  One  of  the  wide-angle 
radiometers  (serial  number  56016)  was  used  with  an  Irtran-4  (ZnSe)  window 
in  tests  13  through  17. 

In  this  section  are  given  the  transmissivity  of  various  radiometer 
windows  as  a  function  of  the  wave  length  of  Incident  radiation. 


l>- 10 


WAVELENGTH  (W!C:> 


4000  3000 


twf  pfcj.mki.fi wfd  rnoprjATinw  Kjr,p-''Mic  rnMM 


1.  LNO  HAME  SPECTRA  V  OAT  A 

A  series  of  one  hundred  and  twenty  eight  (128)  fast  scan  spectra 
was  measured  during  test  1*5  Involving  .1  pool  fire  on  water.  The  dura¬ 
tion  of  each  scan  was  approximately  0.5  seconds.  The  spectral  range 
scanned  wavelengths  from  1.5  ,im  to  5.5  pm  with  u  resolution  of  7.7  cm  * . 
The  data  obtained  from  diflerent  scans  were  reduced  at  approximately  5 
second  intervals.  Starting  with  tin-  first  at  5 . •'*  s  after  initiation  of 
lguit Ion. 

The  reduced  INC  flame  spectra  irotn  5. A  to  60  at  5  seconds  intervals 
(twelve  spectra)  are  indicated  in  the  following  pages. 
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Scan  No 

Tin* 

(T+) 

1.5  -  2.6 

Integrations  (w/ster) 
2.6  -  4.0 

4.0  -  5. 

38 

10.370 

112717 

85330.2 

163949 

47 

15.330 

402645 

287266 

817431 

36 
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